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CHAPTER -ONE 


INTRODUCTION 


1 . 1 General 

Ion Exchange Chromatography is a phenomenon that finds 
many applications in widely divergent fields as agriculture 
biology, medicine, chemistry and now in physics also. Although 
the knowledge of ion exchange dates back to the middle of the 
nineteenth centuary. Recently interest has been shown by the 
scientists in this subject other than the fields of soil and 
water purification. 

The early ion exchangers were largely inorganic in 
origin but subsequently organic exchangers dominated the 
inorganic exchangers. Organic exchangers have good mechanical and 
chemical stability. 

In recent years again the interest in inorganic 
exchangers has been revived with the need for high temperature 
separation in radioactive wastes. To carry out such seperations 
highly selective exchangers are required. These exchangers 
should not only be stable at higher temperatures but their 
exchanging power should not be effected by radio active 


radiators . 


' • - +’ 


Scientists have given deep and serious thought to this 
topic. They have directed their efforts to get and better 
products and have achieved success in this direction to a great 
extent . Synthetic inorganic exchangers have been prepared by 


modern technology. 


Research workers have succeeded in gaining additional 
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knowledge in their thermal stability, high selectivity for alkali 
metals . They have also been found useful to perform separation of 
fission products. Their resistance to radioactive radiations has 
caused them to use in the transportation of radio active 
substances. Inorganic exchangers have also established themselves 
useful in the decomposition of nuclear reactor water. 

After carrying out researches in the field since a long 
time, the stage has come when more and better uses of the ion 
exchangers have to be established. This is also necessary to 
fulfill the need of scientific provisions of the industrial 
growth in various fields. To achieve this thought should be given 
for the preparation of different type of exchangers. Since the 
properties and hence uses of the compounds depend on their 
structure. So the prepared exchangers should be studied from 
their structural point of view also. 

Structural studies are of special interest also due to 
the fact after providing the structure of zeolities it was known 
that they can be used for the exchange of smaller species 
only . 

Similarly knowing the structure of such compounds it 
can be possible to explain their properties more effectively. 

1 . 2 Synthetic Inorganic Ion Exchangers 

For the last many years ion exchangers have been used 
to an increasing extent in the laboratory and in plant 
operations. In natural processes ion exchange occurs in soils, 
sands, rocks and in living organism. 

Nearly two decades back chemists succeeded in 
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synthesizing ion exchangers which have been found superior to the 
natural materials. 

In 1850 Thompson (l) and Way (2) discovered the technique 
of base exchange in soils. The materials which are responsible 
for these phenomena were identified (3,4) as clays, glauconites 
and zeolites. Clays have ill depwed organic species which possess 
hydroxyl or carboxyl groups . 

Minerals and aluminosilicates have also ion exchange 
properties. Glauconites are ferrous aluminosilicates analogous to 
the zeolities as they possess exchangeable potassium ions. 

Some coals are natural ion exchangers . They contain 
carboxylic and other weak acidic groups and cah thus be used as 
cation exchangers . 

The first synthetic ion exchanger was prepared in 1903 
by Harun and Rumpler(5) synthetic zeolities and permulits were 
developed by Gaus and other workers for water softening 
methods ( 6 ) . 

Ion exchangers which occur in nature are crystalline 
aluminosilicates with cation exchange properties. Zeolities 
include the mineral analcite Na [Si 2 Alo 6 ] .H 2 0, Chabazite [CaNa] 
[Si 2 A10g] . 6H 2 0 Harmatone [K,Ba] [SigA^O^] . 5 H 2 D, and natrolite 
are such materials. All these materials have open three 
dimensional framework with channels and interconnecting cavities 
in the aluminosilicate lattice other aluminosilicates with cation 
exchange properties have a lose layer structure for example 
montamorillovite and bedellite clays. Glauconites which are 
ferrous aluminosilicates containing exchangeable potassium in 
their crystal lattice are more dense and rigid so they show very 
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little swelling hence they are used for the exchange of smaller 
species . 

The first cation exchangers showing similarities with 
natural zeolities were prepared by precipitation with causlite 
from acidic solutions of aluminium sulphate and sodium silicate. 
In recent years various zeolities have been prepared by 
hydrothermal preparation method which involves crystallization at 
an elevated temperature from solutions containing silica, alumina 
and alkali. 

Various attempts have been made to synthesize inorganic 
cation exchangers with other frameworks than aluminosilicate 
fussion permutits have been prepared in which silicon was partly 
or completely replaced by other tetravalent element such as 
titanium and tin and aluminium with other tjrivalent elements 
such as Fe, Mn, V and P. Many hydrous oxide gets including Fe 2 0 3 , 

A1 2°3' Cr 2°3' B ^2°3' T -'-°2' Zr0 2' T k°2' Sn0 2 ' Mo0 3 an< * w0 3 are 
amphoteric and act as cation exchangers. The oxides of Zr and Sn 

are most stable. 

Recently inorganic cation exchangers with much more 
satisfactory properties have been prepared by combining group IV 
oxides with the more acidic oxides of group V and VI . One such 
important compound is Zirconium phosphate which has been obtained 
with Variable Zr02;P2 < - ) 5 rat i° s (7-12). Similar, materials can be 
prepared using arsenic, molybolic and tungestine acids instead of 
phosphoric acid and Ti, Sn and Th instead of Zr, (9-12) . The 
products are insoluble. These new ion exchangers have high 
capacities and are superior to the organic resins in their 
thermal stability and resistance to radiation. Only very few 


synthetic inorganic anion exchangers have been made. Gelatinous 
precipitate of Al and Fe Oxides were used before Organic resins 
were available. More recently hydrous oxide gets of Zirconium and 
tin with anion exchange properties have been prepared (12 , 13) . 

Just as the applications of the zeolities are limited 
by their instability in acid solutions so are the organic resins 
which are limited by their break down in aqueous systems at high 
temperatures and in presence of ionising radiations. For these 
reasons attempts have made to synthesize inorganic exchangers of 
a variety of types in recent years . They are stable under such 
conditions. Amongst the well studied synthetic inorganic 
exchangers, Zirconium phosphate stands out as a unique compound. 
A survey of studies connected with this exchangers can serve as a 
pointer to those who are interested in planning newer systems 
based on this structural network. 

1.3A Zirconium Phosphate and Allied Compounds: 

A general survey : 

Zirconium phosphate (ZrP) has been known over a hundred 
years but its use as an ion exchanger is of recent origin. The 
solid precipitates which are commonly called Zirconium phosphates 
range from amorphous gets to several well defines crystalline 
compounds . 

These were prepared by reaction of soluble phosphate 
or phosphoric acid with solutions of Zr(IV) salts under a variety 
of conditions. The compositions and behavior of gels depend upon 
the conditions of preparation and on some other factors also. 
After the discovery of Zirconium bis monohydrate (monohydrogen 
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ortho phosphate) Zr (HP0 4 ) 2 .H 2 0 or a-ZrP a variety of crystalline 
phases have been preppared eg. Zr (HP0 4 ) 2 .H 2 0, Zr(HP0 4 ) 2 or S-ZrP 
Zr(HP0 4 ) 2 ,2H 2 0 or r-ZrP, Zr (HP0 4 ) 2 . 1/2 (H 2 0) or 6-Zrp, Zr(HP0 4 ) 2 
or S-Zrp, Zr(HP0 4 ) 2 . or $-Zr P< Zr(HP0 4 ) 2 . fi-Zrt? and 
Zr (HP0 4 ) 2 • 8H 2 0 or 0-ZrP. Though the physical form of ZrP prepared 
by precipitation varies according to the method employed. But two 
principal types may be distinguished. A finely divided 
microcrystalline form in which the ratio of phosphate to 
Zirconium is approximately 2:1. It is produced by slowly adding 
the zirconyl nitrate solution and phosphoric • acid to a well 
stirred heated dilute sulphuric acid solution (14) . If however, 
the reagents are mixed rapidly at room temperature rapid 
precipitation takes place. It gives a gelatinous precipitate 
(8,15), which settles extremely slowly and which after washing 
thoroughly gives a gelatinous cake . On drying it shrinks and 
cracks to give a granular product resembling silica gel. The 
final product may be opaque and white or glassy and transparent. 
The above products corresponds to the composition Zr0(H 2 P0 4 ) 2 . 
But actually the granular product obtained by rapid precipitation 
method has phosphate; Zirconium ration less than 2:1 
(8,16,17) . 

When sodium phosphate (Na 2 P0 4 ) is used as a precipitant 
and ZrOcl 2 in 0.1N HCL is used, the P0 4 :Zr ratio in the product 
is only 0.69. But with the same zirconium salt if H 2 P0 4 is used 
then this ration is 1.29, though in both cases the reagent 
composition shows this ratio to be 1.5. Similarly when 6N HCL is 
used to prepare ZrOCl 2 solution and precipitation is done by 
phosphoric acid, the ratio is "1.66 but- in absence of 
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hydrochloric acid it can be increased to 1.86 or even ~2.0 by 
digestion at 60°C with 20% H 2 P0 4 and washing finally free from 
phosphate. Such variation in composition have been shown by 
Baetsle and Pelsemaekers (16) who worked with 6N acid and 
Nancollasetal (18) and Larsen et al(19) who worked with lower 
acid concentrations. Vesely and Pekarek (20) also used 6N HCL but 
found the presence of chloride ion in the sample which could be 
removed by washing with water. 

Beads of ZrP could be prepared by two types of methods . 
In the first case the Zirconyl nitrate solution and phosphoric 
acid are mixed rapidly and sprayed in to a column of mineral oil 
to get spherical droplet in oil which get out as they reach the 
aqueous layer at the bottom of the column (21) . In the second 
method (22) the rate precipitation is controlled by complexing 
zirconium with citrate ion before mixing with phosphoric acid and 
spraying in to and oil column. Physical and chemical properties 
of ZrP shows striking physical stability in water even at 
elevated temperatures . 

Particles size distribution measurements after 
prolonged exposure to water at 300°C show that the material could 
be used for extended periods at this temperature (21, ref 9 page 
17) ZrP is extremely resistant to acids other than HF, H 2 S0 4 and 
Oxalic acid, all of which give zirconium complexes. 

They possess good physical stability both in static and 
dynamic conditions. The temperature rise up to about 300°C does 
not affect the stability of the exchanger as far as its ion 
exchanging properties are concerned. But studies on heating 
effect of these exchangers have shown structural changes after 



about 300 u c and the changes continue up to 1000°c. These changes 


cause decrease in the ion exchange properties of the material as 


Samples. Though in weakly basic solutions it does show 


considerable stability, yet in strong bases it dissolves. The 
exchange capacity shows a distinct rise with pk of the solution 


from 0.5 meq/g in acid solutions to "5-5 meq/g in alkaline 


2:1) does show some hydrolysis of the phosphate at pH > 7 the 


zirconium tungstate or molybdate at pH 7-8. In alkaline 


phosphate to zirconium ratio may fall down 


The ion exchange properties of ZrP are dependent on the 
nature of the product prepared and its heating. 

Chemical and infra red spectral evidence suggests that 
ion exchange in ZrP involves replaceable hydrogen atoms in acid 
phosphate groupings which play a role analogous to that of the 
sulphonic acid groups of strongly acid organic cation exchange 


The acidity of the phosphoric acid groups is 
intermediate between those of the fully ionised sulphonic groups 
of strong acid organic resins and of the very weakly acid organic 
resins. Thus ZrP behaves as an efficient cation exchanger in acid 
solutions. The capacity of ZrP is independent of particle size 
and depends only on the mass of the material . 

The development of ZrP as an ion exchanger stemmed 
largely from an interest in the separation of metal ions 
particularly those of the alkali metals under high temperatures 
and aqueous conditions such as those obtaining in homogeneous 
aqueous reactor applications. 

Although early cation sorption work was concerned 
largely with the alkali metal encountered in nuclear fuel 
processing, such as ceasium. The extraordinarily high selectivity 
of ZrP for Cs as compared with the other alkali metal ions is one 
of the most interesting and useful characteristics of the 
exchangers . In general these exchangers show high selectivity for 
alkali and alkaline earth metal ion. 

In recent years interest in the inorganic exchangers 
has been revived with the need for high temperature seperations 
of ionic components in radioactive wastes. In order to make such 
separations highly selective exchangers are required which are 
not only stable at high temperatures but which also have the 
exchange properties unaffected by acidity and high levels of 
radiation. • 

Organic ion exchange resins are unsuitable for such 
applications, as change in selectivity and capacity occur on 
exposure to radiation and degradation takes place at high 



ammo 


temperatures. More recently ZrP has found potential applications 
in many other areas. In electrodialysis applications, membranes 
of ZrP withstand conditions of temperature and pressure, which 
cause deterioration of their organic components making them 
attractive for desalination applications and for use in hydrogen 
oxygen fuel cells. 

ZrP or Zr0 2 could be used directly for the removal of 
ionic impurities from water at the high temperatures 
characteristic of modulator and coolant circuit in pressurized 
water reactors (~300°c) has proved a powerful incentive to their 
study in many countries . 

A few parts per billion of Cs can be selectively 
removed from ordinary sea water or oil well brine. Na and K or Rb 
and Cs may separated on very short columns with in a matter of a 
few minutes. Similarly alkali metals can be separated from alkali 
earths . Among unique properties of these ion exchangers is their 
ability to exchange effectively in non aqueous solutions and to 
separate polysaccharides and other compounds which form complexes 
with tungstate molybdate or phosphate ions in solutions. 

Their solubility in strong base has been used in 
transporting an exchanger containing highly radioactive material 
by dissolving it in a strong base. 

Adsorption and elution of uranium an fission products 
on ZrP and ammonium molybdophosphate under a variety of 
conditions have been investigated. 

Paper impregnated with ZrP has been used for the rapid 
chromatographic seperations of two and four valent metal ions and 
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ammonium ions in the presence of Na + ions has favoured its use in 
artificial kidneys. Used in conjunction with urease, Zirconium 
phosphate has the capability of rapidly removing all the 
ammonium ions from the hydrolysis or urea dialysed from blood, 
while enabling the control of other salts in the blood stream. 

1.3B Polybasic Acid Salts Other Than Zirconium Phosphates:- 

f ' ■ ' ■ ■ ■ ■ . ■■■■..' ■ ■ 

In addition to the zirconium phosphates there exists a 

it ■ 

large number of other polybasic acid salts which exhibit ion 
exchange behavior. These include (1) the phosphates and arsenates 
: of titanium, cerium, thorium, uranium, silicon, germanium, tin 

and lead; (2) the molybdates and tungstates of some of these 




preparations including zirconium and titanium, antimonates and 


many 


Some of the important preparations of the above types 
of inorganic exchangers are summarised below. 


Titanium phosphate can be prepared in both crystalline 
and amorphous forms . In the beginning it was prepared in the form 
of amorphous gel (11,23). These gels have lower exchange capacity 
than ZrP gels obtained in the same way. Titanium phosphate gel is 
highly hydrolysed in acid solutions so their us as exchanger is 
very limited (24) on refluxing the gels in strong phosphoric acid 
converts them to a crystalline compound Ti (HP0 4 ) 2 .H 2 0 which is 
found to be isomorphous with a-ZrP. 


In Titanium phosphate the exchange of Li and Na + ions 
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takes place at higher pH values in comparison to that of o'-ZrP. 
Thus the cavities must be narrower in ce-TiP as compared to a-ZrP. 


Zirconium and Titanium Arsenates 


Zirconium arsenate gels may be prepared in the same way 



as those of Zirconium phosphate gels (11, ref 9- paper No 15 p 


isomorphous with those of a-ZrP a-ZrAs crystals show sieving 


ZrP (27 ) . Titanium arsenates both crystalline and amorphous ( 2 8 ) 


are much more 


than the 


Qureshi and Nabi(28) have reported separations of Pb ++ 
from Zn ++ , Mg ++ , Cu ++ and Ga ++ . In all cases some part of the 
exchanger was soluble. 


and it was found that the resistance of the 



get crystalline Ce-phosphate . The formula assigned to it is 
(Ce-O-Ce) (HP0 4 )3. H 2 0 with the compound trace amounts of cations 
were exchanged. Later on cerium phosphate of a probable formula 
Ce(HP0 4 ) 2 H 2 0 was reported, X-ray pattern have shown that it is 
not isomorphous with a-ZrP a number of cerium phosphates have 


crystalline product with the phosphate -cerium ratio of 2. 
sheets were used for several Chromotographic separations, 
phosphate has the ability to oxidize the exchanging cation 


Microcrystals of cerium arsenate Ce (HA sO a ) . 2H^0 were 


also prepared (35) and the exchange capacity was determined (4.35 
meq/g) . Exchange of Li + and Na + by it was observed, while cesium 


ion 


A fibrous thorium phosphate of composition 
Th0 2 . P 2 0 5 . 4H 2 0 has been prepared (36) with the assumption that 
the compound contains two replaceable hydrogen ions . The exchange 
capacity was determined experimentally as 3.85 meq/g. 

, A crystalline Th (As0 4 ) 2 .H 2 0 was also prepared (37). It 
was found specific for Lithium ion, so Li + ion could be separated 
from other alkalications by it. , 
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Tin (IV) Phosphate and Arsenate 

Stannic phosphate was first prepared in the form of a 
gel of indefinite composition (38) . Its ion exchange behavior was 
found to be similar to that of ZrP gels. The limiting phosphate 
tin ration determined was 5:4. 

These gels have been examined for the separation of 
fission products; paper impregnated with tin phosphate have been 
used for the separation of ions. On heating the gel in 6 to 10 M 
phosphoric acid crystalline tin phosphate was obtained with the 
possible formula Sn (HP0 4 ) 2 . nH 2 0 . X-ray pattern have shown that it 
has layered structure similar to a-ZrP. Tin phosphate crystals 
are strongly hydrolysed in neutral or alkaline' pH by all alkali 
metals cations except Li + . 

Tin arsenates are quite similar to the corresponding 
tin phosphates . 

Other group (IV) Phosphates 

Phosphates of silicon, germanium and lead as well as 
those of titanium, Zirconium and tin have been prepared by 
Winkler and Thilo(39) . The general formula given to these 
compounds is H 2 M (P0 4 ) 2 .H 2 0 except for Si. The ion exchange 
behaviour of these compounds is very limited as they slowly 
decompose in aqueous media. 

1.4 The Present Work Its Scope and Importance 

The brief survey provided in earlier sections on the 
zirconium phosphate gels of various compositions and structure 
and also on other allied compounds has given us the impression 



that inorganic exchangers are highly selective, resistant to 
acids and have good thermal stability. There are main features 
which give them special place over organic synthetic exchangers 
in ion exchange technology. But at the same time the loss of 


changes in structure) is a basic draw back too. Such exchangers 


can be improved both in their capacity to exchange ions and 


stability upto a desired stage with respect to heat treatment 


arsenate (25 , 26) in various ways as to give them better stability 
even at higher temperatures. Hence attempts in this direction 


In recent years Amphlett and Nancollas (40) have tried 
to obtain an exchanger from strongly complexed zirconium solution 
with citrate using phosphoric acid. Such a process led them to 
obtain a highly insoluble product with better exchange properties 
and special specif ities. 

Boichinova et al (41) then prepared an exchanger with 
phthallic anhydride and named it zirconium phthalophosphate . Both 
these products were better exchangers than ZrP and crystallinity 
and exchange capacity. 


Zirconium arsenate 


precipitation methods similar to those employed for zirconium 


found to be similar in structure with a-ZrP 


It is thus natural to think that introduction of extra 


l«M 


varieties of inorganic exchangers. The present work is an 4¥tempt 
in this direction. 

The preparation, charecterisation and study of ion- 

' ' . ' \ ■ ' ' ' 

exchangers properties of some newer exchangers based on initial 



zirconium arsenate structure is the basis of the work reported in 
this thesis. 

Introduction of certain carboxylic groups into the 
network structure of zirconium arsenate can definitely improve 
the crystallinity of the compounds. Improvement in exchange 
capacity of the prepared material is also expected. Hence 
attempts have been made to prepare three new ion exchanging 
materials from zirconium salts in presence of different types of 
carboxylic acids. Thus Glutaric, Salicylic and adipic acids have 
been selected to precipitate zirconium arsenate gels in their 
presence separately. The acids are dicarboxylic acids out of 
these the last one is an acid with an additional functional group 
(OH) in it . 

These dicarboxylic acids are expected to provide 
exchangers of better crystalline properties than simple Zirconium 
arsenate. Due to the introduction of extrafunctional groups they 
are also expected to give better exchanging power to the 
prepared samples . They are thus expected to give polyfunctional 
inorganic ion exchangers with arsenate and dicarboxylate groups 
introduced in the Zirconium arsenate structure. 

Zirconium shows strong complexing tendencies towards 
such acids and therefore above expectations are natural . Amphlett 
et al(40) have also shown citrate ions to be incorporated in the 
organic material through chemical bonds . 
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The present work thus includes in its initial chapters 
the preparation conditions of these new exchangers namely 
Zirconium Glutero Arsenate (ZrGAs) , Zirconium Salicylo Arsenate 
(ZrSlAs) and Zirconium Adipo Arsenate (ZrAAs) . 

These exchanges have been prepared from solutions of 
zirconium ion complexed with the respective acid using sodium 
arsenate solutions as a precipitant. 

The choice of Zirconium as the base element was due to 
the fact that out of various similar products, zirconium salts 
have better stability and better ion exchange capacity. 

An improvement in ZrAs can give better exchangers and 
hence this attempt has been made. 




and pH of the solution have also been included in this work. Heat 


exchangers find their application. Exchange capacity changes with 


temperature and pH from 2-12 have been studied carefully shown 
this comparative utility as ion exchangers. 


fundamental research must be done with it . Each such exchanger is 


a unique compound with its own properties and behaviour. Hence 
after confuming the stability and ion exchanging characteristics 





of the new ion exchangers prepared. It was thought proper to 
study some of the fundamental and theoretical aspects of ion 
exchange using them. Thus equilibia studies involving univalent - 
univalent exchange have been carried out with all the newly 
prepare exchangers. The selectivity data for alkali metal ions 


concentrations and loading of the exchanger. 

Ion exchange offimity sequences have been found out for 


with 


Rate of exchange is another problems for reaching 
chemists - who utilize exchangers for various problems and in 
various fields one must know the correct equilabration time for a 
new exchanger. Hence attempts also have been made to throw light 
on this aspect of ion exchange using the new exchangers. Rate 
studies have been performed with Na + /H + system to get conclusions 
about complete equilibrations time with the new exchangers ZrGAs 
ZrSlAs & ZrAAs . 


Swelling characteristics of these exchangers have also 
been observed in aqueous and non aqueous media. 

The data of metal ion distribution between an aqueous 
electrolyte solution and the exchanger is of great utility in 
analytical chemistry. 


As a matter of fact this is the data which is the 
ultimate aim of a chemists and which helps him in tackling 
seperations problems. Also the insight into the specificity of an 
organic exchange can be had from such a data. Hence studies have 
been performed with the new exchangers to get them distribution 



j.ons wicn tnese exchangers. Attempts have been made for the 
determination of structure of these exchangers . 

Infact it is difficult job also. Many have started 
considering inorganic exchangers as structureless gels. But it is 
not correct such conclusions are hasty and emerged from the fact 
that investigators often preparations of a new exchanger at once 
jump to use them an ion exchange technology and justify the 
utility of their work. Hence it is desirable to investigate the 
structural aspect of the prepared polymer (gel) 

In the concluding chapter of this thesis attempts have 
been made to show the presence of carboxylic functional groups 
carbon hydrogen analysis have also been attempted. 

IR spectroscof ic results have been used to show the 
presence and inclusion of carboxylic groups into the network 
structure of zirconium arsenate polymers. 

Attempts at the thermogravimetric analysis of the new 
exchangers have been very encouraaina nn Hip haoi o f-p, 


Thus much support from TG-data has been provided to the 
final composition results for all the newly prepared materials 
used as exchangers in the present studies. 


not only show the 


utility 


— 
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exchange technology and analytical chemistry. The much neglected 
part of structural aspects has also been studied, of course with 
all the limitations of the laboratory and applicability of the 
technique availance. 

* This work is expected to be completed in self . Yet it 
may also provide a guideline to more such studies with different 
group four metals for preparing newer ion exchangers. 

For research work this field is new with a wide scope. 
Hence it is very essential to utilize it. 

As a matter of fact this is the data which is the 
ultimate aim for doing this type of work. Because it helps in 
experiments related with separation problems. 

Regarding the structure of these gels informations can 
be gathered by X-rays analysis, IR-spectra and Thermograms 
obtained from a thermo balance. 
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CHAPTER - TWO 

Preparations and study of the stability and ion exchange proper- 
ties of some new ion exchangers. 

2 . 1 Introduction - 

Zirconium phosphate was prepared by mixing phosphoric 
acid to zirconium salt solution, It is an insoluble product. This 
Compound has been used in the separations of ur an ium and 
plutonium from the fission products (1, 2) . This compound is 




many chemical 


properties ot tne product it has been used in the processing of 
cooling water in atomic reactors. This compound has shown its use 
in changing the frequency of radio waves . 

Such properties and uses has proved this compound as a 
very important ion exchanger. . 


from it 


such as 


summary such products has been given in chapter 


Some Russian workers (5) have reported similar products 
include a chromate compound of 0.6 meg/g capacity between 
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An oxalate and carbonate have shown weakly acid 
properties similar to carboxylic type organic resins. A sulphide 
compound has been found very selective for ions forming 
insoluble, sulphides. 

All the above mentioned studies have been made to 
improve the capacity and stability of the prepared products. 

Attempts made for the introduction of new groups in 
zirconium based exchangers have given some useful results. 

The present attempt to get useful exchangers with 
improved properties or selectivity trends is thus also an useful 
attempt . 

2 . 2 The present work 

; The presence of zirconium in solution has rarely been 

found in its single tetravalent Zr^ + form or even its zirconyl 
ionic form ZrO^ + , even in dilute solution. It is present either 
in its hydrolysed form such as ZrOOH + or as a complexed species 
depending on the nature of the associated anion and water 
molecules. In concentrated solutions in HC1 trimeric and 
tetrameric species. Such as [ (ZrO) 3 (OH) 3 ] 3+ and [ (ZrO) 4 (OH) 4 ] 4+ 
have been observed (6,7) Evidences have been provided to show and 
support the existence of highly charged hydrolysed polymers 
containing up to three zirconium atoms in each ion. Zirconium oxy 
chloride has been shown by x-ray scattering studies to be 
[Zr 4 ( 0 H)g] (H 2 0) 16 ]C1 8 (8) or may have even higher polymer x-ray 
studies of Ti, Zr & Th compounds have also shown that they give 
chains of polymers such as [Zr 4 (OH) gCr 4 0 4 ] in zirconium salt 
solutions containing chromate ion (9). Thus it is quite well known 
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that zirconium polymers with network of -O-Zr-O- bridges which 
are cross linked on each alternate zirconium atom are present in 
such compounds . Such structures contains water molecules or ions 
with donor atom as coordinated parts to zirconium ion. 

It was shown by Amphlett et . al. (3) that when zirconium 
phosphate is precipitated from complexed zirconium ion it 
provides exchangers of much better stability & insolubility in 
the reagents. The qualities add to the utility of the prepared 
exchanger when such complexing ions have tendencies to give metal 
chlorates of good stability, then the prepared exchangers can be 
better in exchanging properties & selectivity to contain specific 
ions. Thus use of citrate as a complexing ion proved better than 
simple zirconium phosphate prepared from its oxy chloride or 
nitrate (3) presence of phthallate (4) similarly proved useful. 
Depending on these observation, it has been considered here to 
utilize other media. 

Finally the studies for the rates of exchange in an 
inorganic exchanger are important to get the tune required for 
completion of the reaction. Such studies are useful in 
characterising an exchanger for use in different analytical 
procedures . Even in batch studies for ionic distribution data 
time complete equilibrium attainment is required. In absence of 
such a data the equilibrium exchange has to be performed just at 
randomly. In this chapter therefore the rates of exchange have 
also been studied wit Na + ion at 0.1 N concentration to obtain 
the times for complete equilibrium attainment for the newly 
prepared three exchangers. Thus the studies reported in this 
chapter are ment to prepare and show the utility of the prepared 


materials for ion exchanger purposes under different conditions 
of electrolyte type, pH, temperature and time for equilibrium. 
Henceforth in this thesis the three products prepared and used as 
ion exchangers have been referred to as zirconium adipo 
arsenate, zirconium glutero arsenate and zirconium salicylo 
arsenate . 

These names have been abbreviated to save space as 
ZrSlAs, ZrAAS, ZrGAs respectively. 

2 . 3 Experimental 
2 . 3A Reagents and solutions 

Zr(IV) salt 

Zirconyl nitrate of British Drugm House, England was 
use for the preparation of all the zirconium based exchangers. 

Sodium arsenate of Germany was used to prepare aqueous 
solution of arsenate ions. 

Nitric acid 

Pure nitric acid (S.D chemicals AR was used in all 
preparations; its 1.0 M solution was used in preparing zirconium 
(IV) salt solutions. 

Organic di carboxylic acids ; 

Three acids were used in the present studies which were 
all analytically pure products. 

Gluteric acid 

CH 2 . COOH 
CH 9 

I 

CH 2 . COOH 
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Adipic acid 

ch 2 .cooh 

? f '/ Lj a 



I 

' * > ■ 


* 

|(CH 2 ) 2 

*L - 

^ : i) l . , 



CH, . COOH 

1 

* ! 


CH 2 . COOH 






“' v 

Salicylic acid 

C 6 H 4 (0H) .COOH 




For exchange capacity determination electrolyte 
solutions used were 1 . ON Barium chloride and sodium chloride 


solution of 1|5 and 10 percents on weight by volume basis. Both 



salts were BDH, AR reagents, A 0.1 N sodium hydroxide solution 
was used in total capacity determinations in alkaline medium. 


Preparation of buffers to maintain values of 2.2 


5.0, 5.6, 6.0, 6.6, 7.0 and 8.0 disodium 


concentration were used. Twenty ml mixtures were prepared by 
mixing x ml of disodium hydrogen phosphate and y ml of citric 
acid solution as per the table below to cret buffers of ri-ifforprn- 







The zirconyl nitrate solution in nitric acid (solution 
A) was first taken in a 400 ml pyrex beaker. A solution of the 
organic carboxylic acid in sodium hydroxide (solutions C) was 
added to this with stirring . 

This formed a thick while precipitate of the complexed 
zirconium compound. It was then quickly poured into a 50 ml 
solutions of sodium arsenate (solution B) taken in another 400 ml 
beaker provided with a magneticallt driven stirring device. The 
mixture • was stirred vigorously using the magnetic stirrer for 


2-3B Preparation of zirconium (IV) salt, organic acid and sodium 
arsenate solutions 


(A) Zirconium (N) salt solution was prepared by taking 7.6 gm of 


zirconyl nitrate in 5.6 ml of 1.0N nitirc acid. The solution so 


obtained was more than 0 . 5H in strength . 


(B) Sodium arsenate solutions was prepared by dissolving 22gm of 


sodium arsenate in to 200 ml of water. 


(C) Organic acids were dissolved separately in 2.0 N sodium 


hydroxide to give solutions of concentrations slightly greater 


than 1.0M. Thus gluteric acid solution was prepared by dissolving 


4.4 gm of acid in 58.0 m l o f 2 . ON sodium hydroxide for preparing 


Adibic and. salicylic, acid solutions similarly 4.9 and 4.5 gm 


respectively of two compounds were dissolved in the same volume 


/58 ml) of 2.0 N sodium hydroxide. 


All these solutions contained the organic acid in so 


much quantity that they gave solutions of more than 0.5 strength. 





The ion exchangers prepared as above were tested first 
for their stability in acidic and alkaline media. The effect of 


about half an hour. The precipitate so obtained was then filtered 
and wasted many times with distilled water. The washings were 
tested for the presence of nitrate ion and washing was continued 
till the product was free from nitrate ion. The wasted 
precipitate was then dried in an electric oven at 100° ± 0.1°C. 
This provided an amorphous gel type exchanger. 

This product after drying was again submerged in water 
& grounded. It was then filtered and dried again at 100° ± 0.1°C. 

The compound so obtained was in soluble in aqueous 
solutions and solutions of electrolytes . 

2 - Preparation of newer ion exchangers with different 
ratios of organic carboxylic acid with respect to zirconium and 
arsenate maintained in the ratio of 1:1:1 

Preparation procedures similar to the above (1) were 
followed to get exchangers with 3 more different ratios of 
organic acid with respect to Zr:As0 4 ratios of 1:1 

These exchangers were prepared by taking solution C in 
the above preparations with half, one and half and two times the 
amounts of organic acids in 58 ml of 2. ON NaOH so as to provide 
the following ratios for zirconium, organic acid and arsenate as 
the starting concentrations 
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and ZrAAs was studied by taking hydrochloric, nitric and 
sulphuric acids of different concentrations from 0.1 N to 2.0 N. 

2.4(a) Experimental 

A known quantity of the prepared material (exchanger) 
was put in an aqueous solution of the concerned acid taken in 
sufficient excess, the acid concentration used in such studies 
included 0 • 10 , 0.25, 0.50, 1.0, 1.5, and 2 . ON solutions in 
distilled water. Always 0.25 gm of the exchanger was treated with 
50 ml of the acid solutions and the set was left overnight for 
any chemical reaction to occur. The supernatement liquid on the 
next day was analysed for the presence of arsenate ions in all 
such batches. 

Table 2.4.1 summarises the results of such 
investigations showing the presence or absence of arsenate ion in 
the treated acid solutions of hydrochloric nitric and sulphuric 
acids . 

Similar studies was performed with alkali solutions 
also sodium hydroxide and ammonia solutions of 0.1 to 2.0 N 
concentrations were used to stuffy their effect on chemical 
stability of the prepared exchangers. Similar batches each 
containing 0.25 gm exchanger and 50 ml alkali solution were kept 
over night and were analysed for the released arsenate. Result of 
these studies have been given in table 2.4.2.' The supervalent 
liquid was also examined for the presence of zirconium ion in 
both cases zirconium did not appear in acid solutions upto l. ON. 
Similarly these effects were seen ftC^er boiling the solution 


2 .4 (b) 
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Results Tables 1 and 2 

Table 2.4.1 


Chemical 

stability 

of the prepared 

exchangers in 

acidic medium 

Acid 

Concen- 

trations 

Stability Observations 

ZrGAs ZrSlAs ZrAAs 

HC1 

0.10 

N 

No arsenate 

No arsenate 

No arsenate 

HC1 

0.25 

N 

No arsenate 

No arsenate 

No arsenate 

HC1 

0.50 

N 

No arsenate 

No arsenate 

No arsenate 

HC1 

1.00 

N 

Small traces 
of arsenate 

Small traces 
or arsenate 

Small traces 
of arsenate 

HC1 

1.50 

N 

traces of 
arsenate 

traces of 
arsenate 

traces of 
arsenate 

HC1 

2.00 

N 

traces of 
arsenate 

traces of 
arsenate 

traces of 
arsenate 

hno 3 

1.00 

N 

No arsenate 

No arsenate 

No arsenate 

hno 3 

0.25 

N 

No arsenate 

No arsenate 

No arsenate 

hno 3 

0.50 

N 

No arsenate 

No arsenate 

No arsenate 

hno 3 

1.00 

N 

Small traces 
of arsenate 

Small traces 
or arsenate 

Small traces 
of arsenate 

hno 3 

1.50 

N 

traces of 
arsenate 

traces of 
arsenate 

traces of 
arsenate 

hno 3 

2.00 

N 

traces of 
arsenate 

traces of 
arsenate 

traces of 
arsenate 

H 2 S°4 

0.10 

N 

No arsenate 

No arsenate 

No arsenate 

H 2 S°4 

0.25 

N 

No arsenate 

No arsenate 

No arsenate 

H 2 S°4 

0.50 

N 

No arsenate 

No arsenate 

No arsenate 

h 2 S0 4 

1 . 00 

N 

Small traces 
of arsenate 

Small traces 
or arsenate 

Small traces 
of arsenate 

h 2 so 4 

1.50 

N 

traces of 
arsenate 

traces of 
arsenate 

traces of 
arsenate 

h 2 so 4 

2.00 

N 

traces of 
arsenate 

traces of 
arsenate 

traces of 
arsenate 
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Table - 2.4.2 


Chemical stability of the prepared exchangers in alkaline medium 


Alkali 

Concen- 

tration 

Stability Observations 
ZrGAs ZrSlAs 

ZrAAs 

NaOH 

0.10 

*N 

No effect 

No effect 

No effect 

NaOH 

0.25 

N 

Yellow 

Yellow 

Yellow 




colour 

colour 

colour 

NaOH 

0.50 

N 

Yellow 

Yellow 

Yellow 




colour 

colour 

colour 

NaOH 

1.00 

N 

Yellow 

Yellow 

Yellow 




ppt 

PPt 

PPt 

NaOH 

1.50 

N 

Yellow 

Yellow 

Yellow 




ppt 

PPt 

PPt 

NaOH 

2 . 00N 

Yellow 

Yellow 

Yellow 




PPt 

PPt 

ppt 

nh 4 oh 

0.10 

N 

No effect 

No effect 

No effect 

nh 4 oh 

0.25 

N 

Light Yellow 

Light Yellow 

Light Yellow 




colour 

colour 

colour 

nh 4 oh 

0.50 

N 

Yellow 

Yellow 

Yellow 




colour 

colour 

colour 

nh 4 oh 

1.00 

N 

Yellow 

Yellow 

Yellow 




ppt 

PPt 

ppt 

nh 4 oh 

1.50 

N 

Yellow 

Yellow 

Yellow 




PPt 

PPt 

PPt 

nh 4 oh 

2 . 00N 

Yellow 

Yellow 

Yellow 




ppt 

PPt 

PPt 


2.4(C) 



(ii) They are stable in alkali solutions only up to 0.1 N 

(iii) General chemical stability of these is much more in acids 


(iv) No decomposition of the exchangers tool place with respect 
to zirconium ion up to 1.0 N acidity 


General Observations and Conclusions 

The general observation from these results was that 
acid solutions of 0.1N, 0.25, 0.5N did not effect the prepared 
exchangers. But 1.0, 1.5 and 2.0 N acid solutions released traces 
of arsenate ions in the solution. These traces were sufficient to 
give faint yellow colorations with ammonium molybdate reagent 
test. No substantial precipitate of ammonium arseno-molybdic acid 
was obtained in any of these cases . Thus it appeared that the 
prepared exchangers were quite stable in acid solutions upto 

0.5N, while in acid solutions upto 2 . ON little decomposition was 
observed. Probably the anions associated with the acids displaced 
some of the arsenate ions at these high acidities (or pH) . 

In alkali and ammonia solution though 0.1 N solutions 

did not effect the exchangers but 0.25 N to 1.0 N solutions 

elerted arsenate ions. This increased with increase in the alkali 
concentration so much so that good amount of yellow precipitate 
was obtained at 1.0 alkali solutions. 

Hence the general conclusions that could be derived 

from such studies are 

Xi) The prepared exchangers are very stable in acid solutions up 
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It is said that the heated zirconium based gels work 
better as exchangers and their solubility in electrolytes 
decreases for the heated samples. Heating during preparations 
provides the product some what crystalline forum and heating of 
the prepared gel afterwards gives it a stable granular 
appearance. Does heating decomposes the product substantially or 
is it tolerable up to a certain extent? This is the questions 
which is of prime importance for the inorganic exchangers. The 
studies reported in this section gives only the results of 
outward changes in the products newly prepared so that physical 
stability of the products due to heating can be checked. A 
section later on has been assigned to test the effect of heat on 
exchange capacities of the new exchangers . 


The compounds prepared as shown in sec. 2.3 were first 
dried at room temperature ~ 25°C. The lumps so obtained were 
disintegrated in distilled water and again dried at ~25°. Such 
samples of ZrGAs, ZrSlAs and ZrAAs were subjected to heat 


Each time a small amount of the product (dried at 
25°) was taken in a watch glass and kept in the oven controlled 
for a fixed temperature (±1°C) . The observations were made after 


In this way the effect of heat on all the newly 
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were taken with a difference of 5o°c while later on differences 
were increased considerably 

2.5(b) Results 

The table below (table 2.5.1) gives the colour changes 
of the products at different temperatures which are indicative of 
the physical state and expected decomposition and stability of 
the products. 

Table - 2.5.1 


k 

Effect 

of heat on the chemical characteristics 

exchangers 

of the 

prepared 

1 

I- 

{!: 

I 

Tempe- 

rature 

0° 

ZrGAs ZrSlAs 

colour, crystalline colour, crystalline 
state state 

ZrAAs 

colour, crystalline 
state 


25° 

white 

amorphous 

white 

amorphous 

light 

amorphous 


o 

o 

LO 

white 

amorphous 

white 

amorphous 

grey 

light 

amorphous 

1 






grey 


| 

75° 

white 

amorphous 

white 

amorphous 

light 

amorphous 

1 

100° 

white 

partly 

white 

partly 

grey 

light 

partly 




granular 


granular 

grey 

granular 


150° 

white 

partly 

white 

partly 

dark 

partly 

1 



granular 


granular 

brown 

granular 


200° 

white 

partly 

light 

partly 

brown 

partly 




granular 

brown 

granular 

black 

granular 

1 

250° 

white 

partly 

light 

partly 

brown 

mixed 

■M0: ; 



granular 

brown 

granular 

black 

particles 








of diffe- 

II 






rent forms 

§!/ 

m 

300° 

light 

mixed 

brown 

mixed 

Dark 

mixed 

; ' : !i 


yellow 

' particals 


particles 

brown 

particles 

1 



of diffe- 


of diffe- 

black 

of diffe- 

■V. 



rent forms 


rent forms 


rent forms 

.§ 

400° 

yello- 

mixed 

brown 

mixed 

dark 

mixed 



wish 

particles 


particles 

brown 

particles 

1 


black 

of diffe- 


of diffe- 

black 

of diffe- 

p!';; 



rent forms 


rent forms 


rent forms 


1000° 

white 

crystalline white 

crystalline 

white 

crystalline 
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2.6(a) To prove the ion exchanging capabilities of 
prepared exchangers it is customary to determine their exchange 
capacities under different conditions. 


newly 


The property which characterises a chemical compound or 
a polymer as an exchanger is the number of groups that it possess 
to bring about the exchange reaction. This property can be 
measured experimentally as milliequivalents of exchangeable ions 
per gm of the dry ploymer (or exchanger) . One can also determine 
these groups by their ionisation studies in solution as weakly or 
highly dissocited acids (or bases) . 

The determination of total exchange capacity is not so 
simple as it appears . It depends on several factors . These 
include 


2.5(C) General Conditions 

The conclusions that can be drawn from the results are 

as follows 

(i) The temperature range from 25°-100° does not effect the 
physical stabbility of any of the four exchangers. 

(ii) At 200° ZrAAs shows some sign of decomposition. 

(iii) At 200° ZrSlAs also shows some sign of decomposition 

s(iv) All tend to decompose partially from 300° onwards and become 
white at 1000° suggesting similarity of forum at 1000° 

(v) Changes in colour from 300° onwards are indicative of the 
decomposition of the organic part which breaks down complebidity 
as the temperature approaches above ~500° 


(a) The low rates of exchange 

(b) Unfavorable exchange equilibria between certain pairs of 
ions 

(c) In accessibility of certain exchange sites and 

(d) Instability of some exchange polymers . Equilibrium pH 
titrations help in getting the information regarding the 
exchanging groups in the resin/or a polymer. 

! These titrations need setting up of experiments with 
sample of the exchanger in contact with varying amounts of the 
ions to be exchanged. Attainment of equilibrium may require any 
time and the titrations for the generated hydrogen from a cation 
exchanger can be made with KOH solutions noting the pH of the 
solution simultaneously. Thus pH titration curves can be obtained 
to get the information about the ionisable groups present in the 
exchanger. But such titrations are useful only when the exchanger 
has functional groups of highly ionised nature. For others the 
complete equilibrium is either not attained or several weeks may 
be needed to cover up the expected range of the pH. Hence, these 
methods are not convenient for all types of exchangers including 
weakly acidic resinous products from arsenate containing 
polymers . 

The method involving a large excess of a solution 
containing an ion exchangeable for the ion in the resin is much 
better and quicker for this work. The ion in the exchanger is 
thus made to get exchanged and come into the solution completely. 
This is determined then experimentally by titration. This 
procedure has been modified to suit the requirement of newer 
types of resins and wider applicability (15', 16) . 
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Thus we can measure under equilibrium conditions the 
exchange of a counter ion for the ion in the resin taking an 
excess electrolyte. The method provides the limiting exchange 
capacity for the exchanger . But for total exchange capacity a 
dynamic exchange process is more useful (refer to Kunin ref. pg 
34 etc.) using the hydrogen form of the exchanger and using the 
exchangeable ions (as NaCl) in presence of sodium hydroxide. The 
presence of sodium chloride helps in driving out the hydrogen ion 
of the weakly acidic resins completely. The concentration of 
sodium chloride influences this removal and hence for all routine 
work a 5% NaCl solutions is preferred with 0.1 N sodium hydroxide 
in sufficient excess. The hydrogen ion titerated in the exchange 
reaction comes in the electrolyte solution neutralising the 
corresponding equivalent quantity of the alkali. The estimation 
of the alkali after the process gives the alkali neutralized by 
the liberated hydrogen ion. From this milli equivalents of the 
exchangeable H + ions can be calculated. 


2.6(b) The Present Work 

In this present work the three newly prepared 
exchangers have been used to determine theor exchange capacities 
under different conditions and by different methods. Thus first 
of all the limiting capacities have been determined in neutral 
medium (or using neutral salt solutions) using barium chloride 17 
and sodium chloride as electrolyte solutions . 

Later on the total exchange capacity method of Kumin 18 
has been adopted to find out capacity in acidic solutions ie. at 
pH values lower than 7.0. 
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ine errect or tne salt concentration has also been seen 
at pH values 10-11 to get the maximum possible exchange values 
for these exchangers . 


Exactly 0.25 gm of the exchangers was used to determine 
this capacity under equilibrium conditions. Well -stoppered flasks 
of 150 ml capacity were used to keep exactly 50 ml normal barium 
chloride solution in it. The required amount (0.25 gm) of the 
exchanger was then added to each such flask. The solutions were 


then given swirling motion to bring the said and solution phases 


However, they were shaken intermittently to help the attainment 
of equilibrium quickly. After this aliquots were with drawn from 
each flask (availing exchanger particles) and estimated for the 


acid generated due to exchange. This estimation was done by 


with 0.01 N sodium 


Similar batch studies for limiting exchange capacity 


were carried out with normal sodium chloride also. The results of 


these as milli equivalents of hydrogen ion per gm of the dry 



resin (17) have been given in table 2.6.1. 


II Procedure for determining total exchange capacity of the 
po lymeirs in 3 . Iks. line solution (method of Knnin, 17) 

One gram of the exchanger was taken in an Erlenmeyer 
flask (cap. 500 ml . ) . An electrolyte solution containing 5% 
sodium chloride and sodium hydroxide sufficient to give its 0.1N 
solution in deionised water was used for exchange purposes . The 
solution was standarised properly to check the sodium hydroxide 
strength in the mixture. Exactly 200 ml of this solution was 
added to the exchanger kept in the Erlenmeyer flask, the sample 
was stoppered well, shaken intermittently. It was left as such 
for 48 hours after which 50 ml aliquots of the supernatent liquid 
was titerated with standard 0.1 N hydrochloric acid using 


phenolphthalein as indicator. From such titre values the exchange 
capacity was calculated by using the formula given below 
Exchange capacity in 

milliequivalents/gm H form resin is= (200 x Normality of NaOH) - 

4 (ml of acid x normality 
of acid) 

Sample weight 

Such studies were performed with all the three exchangers ie 
ZrGAs , ZrSlAs and ZrAAs . 

To see the effect of salt concentration on the exchange 
capacity, similar studies were performed with each type of 
exchanger using 1% and 10% sodium chloride in the electrolyte 
solution containing 0 . IN sodium hydroxide . The pH of such 
solutions was noted by a pH - meter and it was ~11. 

These results of total exchange capacities in alkaline 
medium have been given in table 2.6.2 at different salt 



Each time 0.25 gm of the exchanger was equilibrated 
with 50 ml of the electrolyte solution containing sodium chloride 


give the correct pH required for the experiment. Thus each time 
20 ml of sodium hydrogen phosphate, citric acid buffer (see table 


for compositions) and 25 ml of 2.0 N sodium chloride with 5 ml 


exchange purposes. Such solutions were equilibrated for ~48 hours 


with 0.25 


analysed for the generated acidity due to exchange of sodium ions 


Such 


from 




. 



ctrcrcTT OF t> H ON THE EXCHANGE CAPACITIES 
OF DIFFERENT SYNTHETIC EXCHANGERS 


FIG- 2.6 III 


& Zr AAS 



exchange capacity 



Netural 

mci 2 ^ m 

solution 

Netural 
NaCl (N) 

solution 
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Total exchange capacities of synthetic exchangers in alkaline 

medium 



ave also been plotted to show 
with changing pH of the sol 


2.6(e) Conclusions 

( 1 ) The limiting exchange capacities of different exchangers have 
shown a maximum capacity of 0.78 meq/gm dry exchanger for ZrAAs . 
The values are lesser for other exchangers in the order ZrGAs > 
ZrSlAs > ZrAAs 

(2) Use of an electrolyte of uni and divalent metal ion does not 
make much differences in the exchange capacities by this method. 
Hence it is the quantity (concentration and volume) of the 
electrolyte which should be in excess to the quantity of the 
exchanger used. The nature of the ion is not very much important, 
of course it should have affinity lesser than the ion in the 
exchanger which is to be removed. 

(3) The total capacity of inorganic exchangers prepared here show 
quite high values in presence of sodium hydroxide (ph 10-11) . The 
total capacity is again very high for ZrGAs and ZrSlAs . But it is 
clear from the data of table 2.6.2 that presence of salt and its 
concentration is very important for these ion exchangers . When 
the total capacity of ZrGAs changes from 6.00 meq/gm to 6.6 
meq/gm for change of NaCl concentration from 1 to 10%, it is 3.96 
meq at 1% Nacl 6.64meq at 5% NaCl^and 7.30 meq at 10% NaCl for 
ZrSlAs . 

Increase in exchange capacity with increase in salt concentration 
has also been shown in ZrGAs and ZrAAs (see fig 2.6.1) 

4 . The highest exchange capacities have been observed for these 
exchangers at pH 10-11 in presence of 10% NaCl. The value for 
ZrSlAs is highest , 7~. 3 0 meq per gram dry resin. It is 6.6 meq for 
ZrGAs and 5.524 meq for ZrAAs. Thus all the exchangers show 
values of quite high order in alkaline solutions. 




4 


5 The difference in limiting and total capacities of these 
exchangers show that the ionisable groups of these exchangers are 
mostly weakly acidic and they show their utility only at high pH 
of the solution. Capacities due to strongly acidic groups 
(limiting are quite low for these products. 

6 The effect of acidic and alkaline media is clear from exchange 
capacity data at different pH values (fig. 2.6 II and III) . 

A gradual increase in capacity with increasing pH is a general 

conclusion. 


2 7 Studies on. the effect of heat on the exchange capacities of 
the exchangers 


The uptake of a metal ion by an product prepared is 
dependent on the temperature of its heating before use. It has 
been shown for zirconium oxide which shows a marked decrease m 
capacity with increase in drying temperature. In zirconium 
arsenate also the changes In structure have been shown from 
infrared spectra (20) and x-ray studies (3). This was followed by 
obvious changes in capacity of the exchanger. It is quite clear 
that not only the conditions of preparation but also the drying 
temperatures of the prepared product change their properties 
widely (3) . The heating of the sample is required to give it a 
more crystalline form and to make it more stable towards the 

electrolyte solutions. 

Thus the observations regarding capacity changes with 
heating of the prepared exchangers are very useful, not only to 
show their utility limits but also to throw light on the possible 
structural changes in it. Hence attempts have been made here too 
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to study the limiting exchange capacities of the prepared three 
exchangers after heating them to different temperatures. Thus 
temperatures from 25° to 400° have been used to get exchange 
capacities after heating to a particular temperature. The earlier 
studies of sec 2, on the effect of heat on the stability of these 
compounds have shown that temperatures above 400°C bring about 
decomposition of the organic part introduced into the zirconium 
based exchangers. Hence it is no good determining capacities at 
temperatures above 400°. 

Table 2.7.1 gives the results of such studies for 
limiting exchange capacities studied for these exchangers by 
using 1.0 N barium chloride solutions. Graphs in figure 2.7.1 
indicate the trend very well for changing temperature conditions. 
Conclusions 

The results show a decrease of exchange capacity in all 
cases after 100° C. The temperatures up to lOO^cicniot alter the 
exchange capacities of the original compounds up to 150° the 
change is minor in ZrGAs and ZrSlAs but it is much lowered for 
Zr^j" There after the capacity falls quite sharply up to 300° and 
becomes negligibly small at 400°C. Thus a regular decrease in 
exchange capacities have been observed in all cases using the 
heated samples from 100°C to 400°. It also means that ~100° is 
the temperature which can be used to get the granular, more 
stable material for ion exchange purposes. 

2.8 Limiting exchange capacities of the exchangers prepared with 
different Zr? Organic acid;As0 4 ratios 

To see which of the ratios Zr .-Organic acid;As0 4 provide 
better exchangers, exchange capacities for the products prepared 




in table 2.8.1 are the limiting exchange capacities 


given by the prepared products when the ration Zr; organic 
AsO a were 1:1. 0:1 with lesser organic acids, the exchange 

TC 

:ities were quite low; while increase to 1: 1.5:1 or 1: 2.0:1 
3 S for the Zr; organic acid,-As0 4 were of no use. Either the 
■’ities remained the same or decreased slightly (ZrGAs, 


ZrAAs ) 

Hence the optimum ration found out from these studies 
i ricr a crood exchange was 1:1.0 :1 or Zr; organic acid;As0 4 . 


the point of view of their swelling cnaraccei^i^. 
water is quite pronounced in clay minerals used as exchangers, 
but in synthetic products from zr or other groups four elements, 
the swelling characterstics are quite different. Though the 
prepared products are hydrated to a great extent but when they 
are dried they lose much of their water except molecules which 
are linked to the structure more strongly. Now if they are again 
put in water, they do not absorb water to the same extent. Though 
they show swelling in many cases upto 100%, this effect is 
negligibly small for samples heated to higher temperatures. 
Zirconium phthallate and zirconium phthalophosphate have been 
Shown to give swelling of about 103 and 116% respectively (7) . But 
in general zirconium phosphate products are denser and do not 
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swell considerably . 

The newly prepared exchangers have also been 
for their swelling characterstics . 


taping in the specially piepcueu a 

The volume was noted carefully. Then the required 

solvent was added so as to cover the resin completely. It was 
added in sufficient excess to allow complete swelling for the 
material. The air bubble were removed by tapping of these 
cylinders. The cylinders so filled were kept over night for the 
exchangers to swell completely. After this the volume changes 
were again read off and noted. Swelling was calculated as 

percentage change in the volume of the exchanger. 

Such studies were carried out with water, and 1 00* 
oo nurp solvents and 2 mixed solvents with 50 and 25% 


the Jjfc exchangers. The comparative a< 
Swelling has been shown as a positive 
decrease in volume has been shown as 


while 


2.9(c) Conclusions 

( 1 ) the prepared exchangers show very little swelling in 
'i: It is ~1.1 to 2.07 in different cases. This shows quite 

’M l' structure of the products . 
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(2) In absolute ethanol the exchanger contract a bit rather than 
swelling. This contraction is to the extent 3.75. This has been 
observed for exchangers lowest being for ZrAnAs. 

(3) In mixed alcholic solutions also there is contraction rather 
than swelling. 

(4) The observed effects in alcholic solvents may be due to 
dehydration of the water of crystallisation or coordinated water 
present in zirconium based exchangers. These water molecules can 
be replaced also by donor ethanol molecules. 

2.10 Studies on the rates of exchange with the new exchangers 

The exchange rates are diffusion controlled and these 
depend, therefore on the structured characterstics of the 
exchangers. The swelling also influences the ion diffusion rates 
in the resin or exchanger matrix. 

Resins with better swelling properties make it easy for 
the ions to diffuse through the resin matrix and bring it to the 
proper exchange site. Hence with organic synthetic exchangers the 
rates are generally faster. But with inorganic exchangers of 
denser structures, it is not so. The rates of diffusion may 
become slower to cross the resin matrix for reaching the exchange 
site . 

It is also clear from several ion exchange studies in 
non aqueous solvents that the nature of the solvent alters the 
diffusional rates considerably. In other words film diffusion of 
the counter ions is also one of the controlling factors for 
rates. But if water is the solvent, this factor is much less 

important . 



As the newly prepared exchangers are inorganic m 
origin, they are in general more dense than the moderately cross 
linked organic resins. The rates are, thus, expected to be slower 
in such systems. To know the exact situation, the rates of 
ovchancre with Na + ions have been studied here with ZrGAs , ZrSlAs 


studies have been made by using always 0.5gm 
and 50 ml of 0.1 N sodium chloride solution 
Lctants were taken in an erlenmeyer flask 
Thp solutions were stirred in these studies 


Dper time intervals were done to convex up «. — — 
riod of about four and half hours. The last reading was 

after keeping the batches over night . 

From the titration data milliequivalents of Na + 
d for H + were determined. These values show the rates of 
of concentration of the ion in the electrolyte solution, 
the attainment of fractional equilibrium at different 
time intervals were calculated as Q t/ 0 Ol _Jhe_^lueB_^ J* 
indicates the changes of concentration at time t and Qo s ^ 


From these 


this for final equilibrium 



Plots have been made for these values of Qt/Qo against 
to evaluate the time for complete equilibrium attained by 
rhanaer and the electrolyte solution with respect to Na + /H + 


+ ion with ZrGAs 


II show the rate 


changes visually and show that the rates m 
comparatively slower. 
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complete equilibrium 
o that shows 


show 


will 


out maximum capacity 
for a longer period. 
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of heating on the limiting exchange capacities 
synthetic exchangers 






Table 2.9.1 


Swelling characterstics of ZrGAs in water-ethanol 

media 


g. Solvent Composition 

No. 


1 . water 100% 

2 water 50%- 

ethanol 50% 

3 . water 50%- 
ethanol 75% 

4 . ethanol 100% 


Resign volume 
Before adding 
the solvent ml 

Resign volume 
before adding 
the solvent ml 

Swelling 

% 

0.79 

0.80 

+1.26 

0.82 

0 .79 

-3.65 

0.81 

0.78 

-3.70 

0 . 84 

0.81 

-3.56 



Table 2.9.2 





actual swelling while 
■action of the exchanger 
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Ml I , 







Willi 




3 or synthetic 
e NaCl(O.lN) 


ZrSlAs 
M eg/g Q 
exchanger 


ZrAAs 
•x Me< l/g q 
exchanger 










uu ^erai definition of ion exchange, 

the process is a reversible interchange of ions taking place 

between an ion in solution and another in the exchanger which is 

insoluble m the medium i-ho ^ ^ ^ _ , _ 

ncum une process can be rpnrPRPnfpd l~r\r 


the general equation given below 


where R represents the polymer network of the exchanger which 
bears an exchangeable ion A + , while B + is an ion in solution. 

The same can be modified and can be written again as 
follows of an inorganic exchanger like zirconium aresenate or any 


zirconium 


+ nZrAsH =£(ZrAs)_ (M +n ) + nH 


Here M is the metal ion under exchange and ZrAsH represents the 
zirconium arsenate exchanger with replaceable H + . The above 


In this equation all barred terms indicate the resin phase val 
ties, while the others as solution phase values . The square brack 
ets denote’The' "concentrations, while the r terms give the activi 


ty coefficients. It has been pointed out that for exchanges 
involving trace amounts, the exchange is reversible for most of 
the metal ions (1,2,3) under these conditions the concentration 
of the metal ion M + is very small as compared to H + in the ex- 



cnausei u ‘ eIBIOre extent OI exchange is sufficiently small. 
The variations in the H* concentration can be ignored under these 
conditions and pH variations are thus negligible. Moreover in 
such dilute solutions the activity coefficient terms can also be 
assumed to be constant. 


Thus for trace amount exchanges K 
distribution coef f icient (K n ) . 


which is 


above general equation for equilibrium 


where C = [H + ] and activity coefficient have been ignored because 
of low concentrations and reversibility of the reaction. Thus a 
plot of log K £ against pH will yield a straight line of sl ope -n . 

Many exchange reactions such as those between Br~/N0 3 " 
pn hydrous zirconium oxide and Ba 2+ /NHa + on zirconium 


show 


when 


deviations have been found out. In such cases the distribution 


coefficient increases with decreasing exchanger loading at con 
stant pH. These ions have high affinity for certain other func 


tional groups in the exchanger, which are present in small 




reversible reactions; but since the activity 
most ions in solution phase and for cases in e: 


fetill a difficulty with experimental 


selectivity coefficient (K_) has been used to show the extent of 


exchange in practically all cases. Thus ' the selectivit 


while the other terms are for 


where q Q is the capacity of the exchanger in meq/gm and C is the 


initial concentrations of the solution in meq/ml in which the 


exchanger is immersed. Naturally the metal ion distribution on 


to the solution 
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zeolite and zirconium phosphate type exchangers. The affinity of 
an ion for the exchanger is a function of the exchanger type 
(i.e. dependent on the structure, crystalline and amorphous form, 
its sieve action etc.) 

Thus for zeolities the affinity varies rather unpre- 

i 

dictably and is strongly dependent on the cationic composition 
of the exchanger. At equivalent loading's of both the counter 
ions the sequence of affinity in chabazite is as follows 
Na + < Rb + ~ Ag + < K + < Tl + 

The affinity of potassium is always very great as compared to Na 
at all compositions ie K + >> Na + (for chabazite) 

In sodalite (basic) the increasing affinity sequence is 
K + < Li + < Na + << Ag + 

Though no reasoning can be provided for such atrandom selectivity 
* 

patterns in zeolites, yet their use in analysis and trace recov- 
ery has been made. Thus basic sodalite can be used for quantita- 
tive of Ag + . 

Synthetic ultramarine has been used to separate 
francium (223) from its actinium parent (5), on account of higher 
affinity of highly charged Ac-237, Th-237, Po-215 and Pb-211, 
while Fr-223, Tl-207 and Ra-223 show lesser affinities and pass 
out the exchanger column. 

The exchange affinity of mono and divalent ions for 

i 

sodium ultramarine (b) varies as below: 

Mn 2+ < Co 2+ < Cu 2+ < Ni 2+ < Ag + 

Here if Ag + is not considered, then the sequence to the increas- 
ing affinities is corresponding to the decreasing ionic radii of 
the concerned ions . 

■ V ; - - i 



A material called Luide sieve 4A(7) has been used to 
study the mechanism of exchange for the set of alkali metal ions . 
This material has a small amount of hydrogen ion even in its 
sodium form and can be represented as 
• HNa l:L . [ 12AIO2 • 12SiC>2] • NaAlC>2 * 27 . 6H2O 

The relative affinity series for alkali metals for this exchanger 
is Cs + < Li + < Rb + < K + < Na + . This shows that .the affinity here 
increases with decreasing crystal radius (except for Li + ) . The 
exchanger can be converted to its K + or Li + forms completely but 
Rb + and Cs + forms are obtained only as partially converted forms 
probably due to steric reasons. 

The different forms can be represented as below 
Lithium form : HLi-, X . LiA10 o . 26 . 3H-,0 


X . KA10 


Rubidium form: HRb 


X . NaAlO 


Ceasium form 


X . NaAlO 


Thus it is clear that the affinities of different ions for zeoli 


complex 


ammonium 


molybdophosphate, ammonium molybdo-arsenate, ammonium tung 


stophosphate etc. pointed out certain other peculiarities. For 


in 


example it has been pointed out that the replacement of NH 4 + 
the compound such as (NH 4 ) 3 PMO 12 O 40 , by sodium is least effi- 
cient (8, 9) and potassium replaces it only to an extent of about 
2/3 of the total ammonium ions (10) . Hence the affinity sequence 
for molydophosphates for heavier alkali metal cations is 
given (11) as K + < Rb + < Cs + 

Smit(12) has given this sequence on the basis of dis- 
tribution coefficient values for ammonium-molybdophosphate as 
below : 

Na + < K + << Rb + « Cs + 

The values for Cs + are very high, say about 6000 more than Na + 
which has zero distribution coefficient on this exchanger. 

Smit et al(13) have also studied such distributions 

several other 12-hetropoly acid salts in tracer concentrations in 
0 . IN NH 4 N0 3 . The general observations show that the uptake of the 
trace ion is increased as the radius of the unhydrated ion in- 
creases. Thallous and silver (I) ions are held more strongly than 

alkali metal cations of similar size possibly due to some degree 

of covalency in the bonding. Multivalent cations showed negligi- 
ble exchange in acid solutions but were strongly absorbed from 
neutral solutions (some as simple ions, others as complexed 

species) 

In such exchangers the structure of the exchangers the 
structure of the exchangers is such that large monovalent ca- 
tions (K + , Rb + , Cs + , Tl + , As + ) pack stably in to it, give insolu- 
ble crystal. But salts containing other alkali metal cations are 
soluble and are unsuitable for exchange purpose. 

Though the distribution of alkali metal ions is inde- 



ZrC >2 act both as cation and anion exchangers depending upon the 


Ions of charges up to +3 (Na , Ca z+ , Uo 2 , Gd J ) are exchanged 
rapidly by this type of exchanger. But more highly charged ions 


pendent of pH between l.i to 4.5 but transition metal ions are 
influenced by it. 

The hydrous oxides form a different series of inorganic 
exchangers. Freshly precipitated trivalent metal oxides (eg. 
hydrous ferric oxide and ferric hydroxide) readily absorb alka- 
line earth cations (14,15) are absorbed above pH 7. 

It is said that alkali and alkaline earth metal ions 
are sorted on the surface, while the highly charged ions as Ce 3+ ,' 
Ru 4+ are sorbed in bulk (17) . 

The use of amphoteric oxides show that absorption 
depends on the pH of the solution and the effect is more of a 
surface phenomenon than any other thing. A1 2 0 3 at proper pH is 

good for separating metal ions existing as anions (eg. Mo-99, Te- 
* 

99, Te-132) . The affinity series for anions is as below for 
magnetite (18) . 


Cl" « S0 4 2 ' < HC0 3 " < Cr0 4 2 " < HP0 4 2 " < Fe(CN) 6 4 ~ 

Alkali metal cation exchange studies (19) with hydrous Mn(OH) 2 
have given the following affinity series Li + < Na + < K + < NH 4 + < 



as Zr , U , Pu* , are absorbed slowly. 

Let us now talk about the zirconium phosphate, the very 
well studied compound prepared in variety of forms to get an 
inorganic exchanger. The selectivity for univalent cations is 
given as below (1,2,4) 


which is similar in pattern to that given by sulphonic acid type 


which is 


from the distribution data on an acid form of the zirconium 


phosphate at ~0.014N concentration (1 , 4) 


In zirconium vanadate the rare earths show 


Zirconium 


reversal in selectivity for sodium and potassium ions. The selec 


increases for several ions when the 


increase in distribution values varies in the following order 


Baetsle (24) has shown from exchange studies on amorphous zircon 


lum 


hydrated ionic sizes. The following sequences have been given for 




, Na + < Sr 2+ 

NH 4 + < Rb + < Cs + 

Sr 2+ < Ba 2+ 

Sr 2+ < Ce 3+ < Uo 2 2+ 

Macro level studies were carried out by Baetsle and Huys(2) for 
Na + , K + , Ca 2 + , and Sr 2+ with hydrogen on a zirconium phosphate 
exchanger . Results agreed well with those obtained at trace 
level . 

Lassen and Vissers(25) have shown for exchanges of 
Li + /H + , Na + /H + and K + /H + system at pH = l using a capacity meas- 
ured at pH = 5, that in none of the systems, the fraction of the 
metal ion on exchanger exceeded 35% of the capacity. 

3.3 The Present Studies 

This part of the work deals with ionic exchange affini- 
ty studies for some unipositive ions on the newly prepared ex- 
changers. It has been shown in the earlier section that different 
types of inorganic exchangers show different affinity behavior 
for various ions. In simple zirconium based exchangers, the 

i 

affinity of univalent ions changes its sequence under different 
conditions or when sample heated at different temperatures are 
used. Hence it is essential that the newly prepared samples of 
inorganic exchangers should be studied from the point of view of 
their selectivity for the ions of different types. Here the 
univalent ions from four alkali metals, thallous and silver have 
investigated for their affinities towards three exchangers, 
namely ZrGAs , ZrSlAs and ZrAAs..lsl 





DApeiiuKutu nave teen carried out with electrolyte 
solutions of different ionic concentrations to jet the selectivi- 
ty coefficient data for these ions . Thus metal ion solutions of 
j.onic concentrations between 0.005N to 0.1N have been used in 
these studies to provide different ionic loadings. 

The ions that have been investigated include 
Li + , Na + , K + , Cs + , Tl + and Ag + . The method of investigation is the 
batch technique or the static equilibrium exchange procedure with 
fixed quantity of the exchanger and total electrolyte solution 
volume . 


ion 


These were suitably diluted to prepare 0.07 
0.005N solutions for equilibrium studies. 


24 hours with 


intermittent shaking to keep the solid and solution phases well 


After equilibration aliquots (5ml) from the supernatent 
liquids in each flask were with drawn and estimated suitably for 


the exchanged ion. Thus in cases of exchangers involving alkali 


metals and thallous ion, the released hydrogen don was estimated 
titrimetrically, while in the case of silver ion, the ion itself 
was estimated by using ammonium thiocynate as the titre with 
ferric ion as indicator. Thus the extent of exchange in each case 
was evaluated for all ions studied. Knowing this and the exchange 
capacities of the exchangers used apparent equilibrium constants 
were calculated as shown below, 

. In an inorganic exchanger, the use of law of mass 
action can be made as usual to evaluate the values of K a , the 
apparent equilibrium constant or the selectivity coefficient as 

_ X BR C AW 
X AR C BW 

where X BR and X AR terms represent the equivalent fractions of 
exchanged ion and hydrogen ion in the exchanger at equilibrium, 
while Cyj and C BW are the concentrations terms for hydrogen and 
the exchanging s c,Qiinter ion in the solution phase. The relation- 
ship has been used by Kressman and Kitchener (27) for evaluating 
selectivity coefficients in case of organic ion exchangers. 

The results at different ionic loadings have been 
tabulated in tables 3.5.1 to 3.5.18 for all the ions for the 


newly prepared exchangers . 



ITH X 3 R 
N ZrSlAs 

G-5 
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0.0409 


0.01767 


0.0161 


0.0144 




0.0415 



meq 

added 

X BR 

Ka 

0.25 

0.64 

0.72 

0.50 

0.72 

0.56 

1.5 

0.72 

0.16 

2.5 

0.80 

0.16 

3.5 

0.80 

0.11 

5.0 

0.80 

0.08 




meq 

added 

X BR 

Ka 

0 

.25 

0 

.68 

1 . 

.09 

0 

.5 

0 

.80 

1 . 

.00 

1 

.5 

0 

.88 

0 . 

.58 

2 

.5 

0 

.88 

0 . 

.33 

3 

.5 

0 

CO 

CO 

0 

.23 

5 

.0 

0 

.88 

0 

.16 




meg 

added 

X BR 

Ka 

0.25 

0.80 

3.00 

0.5 

0.88 

1.88 

1.5 

0.95 

1.64 

2.5 

0.96 

1.20 

3.5 

0.96 

0 . 85 

o 

in 

0.96 

0.59 












3.6 Discussion 
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An ion exchanger shows preference for certain ions as 
compared some others. This tendency is referred to as the 
selectivity of an ion exchanger. On the other hand the ions show 
an affinity for an exchanger and this affinity may change for 



different exchangers. If the type of the exchanger is fixed then 
different ions show an affinity for an exchanger and this 
affinity may change for different exchangers. If the type of the 
exchanger is fixed then different ions show different affinities 
for the exchange's matrix. This affinity is usually called as 
ionic -exchange affinity and is measured in terms of the 
equilibrium constant of the exchange reaction. 

Thus if a metal ion M +n is going to be exchange for a 
H + ion in the exchanger then the process of reversible exchange 
can be written as 



M +n + nHX^3nH + + M +n (X') n 

Since the process is reversible and involves stoichiometric 
change, the law of mass action can be applied to obtain the 
equilibrium constant (K) for such a reaction. 

[M +n ] R [H + ] n w 

The expression K = ' 

[M +n ] w [H + ]\ 

then gives this constant and this may be taken as a true measure 
of the respective affinities of different exchangeable ions. The 
square brackets represents the activities of the concerned ions 
in the two phases (exchanger = R and solution = w) 

To determine K experimentally the analysis of the two 
phases is needed together with the activity coefficients of the 
ions involved in different phases. The determination of the later 


1 



terms is difficult, or rather impossible for ions in exchanger 
phase, hence it is customary to use only concentrations of the 
involved ions in this expression neglecting the activity terms. 
The equilibrium constant so calculated is only an apparent 
equilibrium constant and is generally called as selectivity 
coefficient. For all practical purposes, therefore, the 
selectivity coefficient values are used as measures of affinities 


of ions . 


In the present studies the selectivity coef f icients (K_ 


have been calculated as per the expression given by Kressman and 
Kitchener (27) and used much in synthetic ion-exchange resin 
studies. The results reported for the exchange of alkali metal 
ions, thallous and silver ions for the four new exchangers are 
given in tables from 3.5.1 to 3.5.18. In each table about 5 
different sets of results have been reported for exchange at 
different exchange at different ionic concentrations of the metal 
ion in solution. Keeping the exchanger quantity fixed (0.25gm) 
the ionic concentrations in the external solution (volume always 
50 ml) was varied from 0.005 N to 0.1 N. Thus solutions were 
sufficiently dilute to apply the law of mass action concept for 
calculating equilibrium constants without the use of activity 
coefficients of the ions in either phases. 

These results show very clearly that with change in 
ionic concentrations the equivalent fraction of the metal ion in 
the exchanger phase (ie X BR ) changed. The calculated K a values 
also these different values at different ionic concentrations 
used for the metal ions in the external solution. This confirms 
for the inorganic exchangers also that K a is not a fixed quanti- 




ty. Its magnitude depends on ionic concentration or ionic loading 
used in exchange equilibria. 

Most of the workers in this field have used Kd values 
by using tracer ions in presence of different macro- ion concen- 
trations (2) . When the metal ion is used at such a low concentra- 
tion the values of Kd were more or less constant quantities . But 
at macro- level studies neither Kd is a constant valued nor Ka is 
a constant quantity. 

The variation of Ka with X BR is quite common in organic 
resin studies also as has been shown by several authors for 
different types of exchangers (28-32) . The same has been proved by 
present studies for inorganic exchangers also. This variation of 
Ka with X BR is quite irregular showing higher Ka values at lower 
concentrations and very low Ka values at 0 . 1M concentrations 
should be used for this purpose. 

The following sequence of affinities on the basis of Ka 
values can be given for ZrGAs , ZrSlAs and ZrAAs exchangers at any 
of the ionic concentrations from 0..005 to 0 . IN Li + < Na + < K + < 
Ag + < Tl + << Cs + . For pure zirconium arsenate the general se- 
quence given for alkali metal ion is 

Li + < Na + < K + ; NH 4 + < Rb + < Cs + 

Although the values of distribution coefficients reported by 
different workers differ in detail (2,4,26); this sequence is 
preserved. Our results are similar. The position of Ag + and Tl + 
ions is also shown from our results to be after K + in this series 
Cs + shows quite high Ka values. Such results for Cs as well as 
rubidium ion have been shown by Amphlett et al (26) also. 

Many attempts (33,34) have been made to explain the 







differences in the ion exchange behavior of the various ions. 
But the most plausible explanation is based on the ionic hydra- 
tion thereby. According to this theory the ions are assumed to be 
hydrated in aqueous solutions. The degree of hydration for ca- 
tions increases with increasing charge and decreasing crystallo- 
graphic radius. Since ion exchange is controlled by electrostatic 
forces . The adsorbability of an ion will depend on the relative 
charges and ionic radii of the competing ions for exchange sites 
in an exchanger. For ions of the same charge the relative ionic 


ions on ion 


was shown 


him. The plots were curves showing an upward trend with 


Nachod 


and Wood (36) gave a linear relationship of equilibrium exchange 


with the hydrated ionic radii (A) for both alkali and alkaline 


earths the exchange increased with decreasing hydrated ionic 


as criterion to show affinity extent is more • logical. Because 


though 


than 
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We have tried to show this relationship of ionic sizes 
l with exchange affinity measures i.e. Ka values in figures 3.6 I 

;; to IV for the 4 exchangers using Ka values from studies at 0.005N 

[ and 0 . IN ionic concentrations. The trends of the curves is just 

\ similar to these obtained by Venny(35) . In other words the 

observed exchange affinity sequence is in the increasing order of 
their ionic radii (naked) or decreasing order of their hydrated 

ionic radii. The observed sequence is thus quite logical. 
Therefore, it can be said that in the inorganic exchangers also 

the lyotropic series is obeyed when one tries to give the order 

of affinities for cations in dilute solutions. 


While showing such relationships, it is advisable to 
use the time or thermodynamic equilibrium constants of 
individual ions as measure of their affinities for an exchanger. 
But when the equilibrium data is changing with ionic 
concentration, a method of graphical integration can be used to 
correct the Ka values. Such a method was suggested and used in 
ion exchange by Boyd et . al . (37,38) . 

The true equilibrium constant can be found out by the 
use of the following relationship. 

»Xt 


InK 


J 


h3R=l 


X 


InKa . dXgg 


•BR=0 


This procedure has been adopted by us also_ to evaluate K values 
for different ions. The method of graphical integration has been 
used for Li/H, Na/H, K/H and Ag/H exchanges using ZrSAs. The 
values could be evaluated here conveniently but for Cs/H or Tl/H 
exchanges the plots of Ka/Xgg were so steep that they could not 



Such values have been tabulated in the table 


below (Table 3.6.1) to show the relative values of K for differ 


Thus the 
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Exchanger 

Ion 

K 

ZrGAs 

Li 

0.20 


Na 

0.30 


K 

0.48 


Ag 

0.60 


T1 

1.70 


Cs 

- (very higl 

ZrSlAs 

Li 

0.04 


Na 

0.30 


K 

0.62 


Ag 

0.78 


T1 

1.10 


Cs 

4.20 




issis 


in exchangers ZrGAs, and ZrSlAs ut, xo 
affinity. But in ZrAAs none of these ions is showing ab. 
values . Thus though the sequence of affinities is the s® 
thls se t of ions, yet their respective values (of exchan 
selectivity coefficients) are different for different excha 
The affinity for Li + is least xn all of them and 
are also quite low while these for Na and K are general 
proper sequence with greater increase of Ag and 

for Tl + - 

Exceptionally strong absorption of Ceasium 

, other alkali metals has been the 
rubidium) as compared to other axxa 

liarity of all inorganic exchangers. This has been : 

al. (26) for zirconium phosphate and by 
zirconium phosphate, zirconium molybd 
Zirconium arsenate exchangers. Even in strongly acid s 
ceasium is very strongly absorbed by such exchangers (39) 

media it can be separated from polyvalent cations (eg 

Fe 3 + , Pu 4+ , U0 2 2+ , Sr 2+ > Which show much lower absorpti 

co + are in accordance with these 


shown 


Amphlettt et. 
Riedel (5) for 


than 
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ion 


ion 
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4.2 The present work 
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CHAPTER -FOUR 



Cation exchange distribution studies of some metal ions on 
newly prepared inorganic exchangers (ZrSlAs , ZrGAs and ZrAAs) 


equilibrium can be represented in various ways. These include (a) 


constant (Thermodynamic) and distribution coefficient and the 


thermodynamic equilibrium constant are generally used to predict 


the selectivity sequence of ions on the basis of equilibrium 


studies. But the other two namely the separation factor and the 


distribution coefficient are generally used in devising 


analytical separation procedures. The later two are easy to 


where terms with bars are for the resin phase and the others are 


morality 


while 


useful in calculation of column 
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The quantity called as the distribution coef f icient (Kd) 
is of much use in comparing the reltive exchangeabilities of the 
counter ions. It is useful in planning separations of analytical 
interest. It is defined as 


Kd = 


where the distribution coefficient will be called as the molal 
distribution coefficient. But if the concentrations are 
represented as equivalents then Kd can also be written as 


Kd = 


These coefficients increase with dilution of the external 
solution or with decrease in 'm 1 and ' c' values for the ionic 
Species ' i ' . 

However, for all practical purposes the distribution 
coefficients under given conditions can be calculated from the 
concentration of the counter ion in the two phases . These 
concentrations can be given for certain fixed weight of the resin 
or for a certain fixed volume of the resin. As such two types of 


Kd values 


weight distribution coefficients and volume 


distribution coefficients have been reported in literature. The 
weight distrbution coefficient is given by the relationship given 
below and has been used through out this work. 

meq. metal in per gm. of dry resin 


meq. metal ion per one ml. of the solution 
The distribution coefficient (K D ) for a counter ion * B ' can be 
related to the selectivity coef f icient (K_) by the relation 





I II 



Or in other words the di 
is independent of its co: 


ion B 


ion is thus 


ion 


constant and that penetration of electrolyte 
can be neglected (i.e. the outside solution is below 0.5N). 

When the ions involved are differently charged, the Kd 
values will vary with charges of the ions in the eluant solution. 
Plots of log Kd against log [A)* in case of ions of similar charge 
will then have a definite slop. But for ions of different charges 
the slops of such plots will be different. The ratio of 
distribution coefficients of two ions can be either unity or more 
than that. If it is unity then separation possibilities are nil, 
fcut if this ratio has a large value, the separation possibilities 
are there. This ratio can be inerpasphri -Frit- an , _ 


involving a suitable complexing agent in the solution phase. The 
possibilities of separation can also be increased by such a 
process. But if no complexing agent is present in the solution 
phase then nature of the exchanger can be modified to show 
different selectivities for different ions. In other words, 
presence of an exchanger capable of showing complexation with 
certain ions can also modify the distribution nature of 
particular metal ion vis-a-vis a particular exchanger. 

4 . 2 The Present Work 

It is now clear that if the distribution data for a 
large number of metal ions is available for a certain type of 
exchanger, then the separation possibilities in pairs of two or 
more ions can be predicted. It is true that distribution data at 
trace level is much more useful then the data from microlevel 
studies, yet for applications in industrial problems data macro 
level is more useful. 

In the present work three new exchangers (ZrGAs, ZrSlAs 
and ZrAAs) have been prepared with organic carboxylic acids as 
additional ligands in the exchanger. Such exchanger can be 
expected to show additional selectivities for certain ions. The 
transition metal ions, thus, can be expected to show greater 
affinities for such exchangers. In order to ascertain their 
usefulness for analytical work, cation exchange distribution 
Studies have been carried out here into ions of various types. 

Univalent alkali metal ions, trivalent alkaline earth 
metal ions, transition metal ions of different valency states and 
a few inner transition metal ions have been taken to study their 


f 
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distribution on four types of exchangers prepared for this work. 
All these have been studied at fixed ionic concentrations (macro 
level) and with fixed quantity of the exchangers. Since it is 


known that the ionic concentration influences the metal ion 


distribution, attempts have been made to know the extent to which 


this happens by studying first the exchange- distribution of 


univalent ions only. They have been studied at ionic 


concentrations for 0.1M to 0.005M for Li + , Na + , K + , Cs + , Ag + and 


Tl + ions with all the four exchangers 


The distribution data of the all the other ions, 


including the above mentioned univalent ions at ionic 


concentrations ~ 0 . IN have been procured for comparison purposes 
to show their relative Kd values and show, possibilities of their 


specific interaction (if any) with the exchangers. 


4 . 3 Experimental 


4 . 3A Reagents and Solutions 


In general the chemical used for preparing metal ion 


solutions were all analytically pure materials for either BDH or 


E.Merch. Nitrates of lithium, sodium, potassium, rubidium, 


ceasium, ammonium, silver, thallous(I) calcium, strontium, 


barium, cobalt, nickel, lanthanum ( III) , cerium ( III) , uranium (VI : 


and thorium (IV) were used to prepare their solutions of the 


required concentration (see tables 4.4.5 to 4.4.8). Only in the 


cases of magnesium, iron (II) , copper(II) and zinc(II) their 


sulphates were used. 










Titres used 

For metal ion distributions both during 
Vi a nrons solutions as well as in distri] 


Disodium EDTA was 


Uranium (VI) was 


ammonium 


with 


iodate. Cerium (II I) was 


Mohr 1 s 


ion 


from the exchanger 


estimation method 


Their names with specification about 


below in the table. 

Indicators used in 


Ion for 
which used 


red violet to blue 
red to yellow 
yellow to colourless 


Thoron 


Cholorof orm 



pH required 


Buffer 


2M sodium acetate 


Composition 


Used in 


2M sodium acetate For the esti- 
(272gm in 1 litre) mation of Nickel 

and Cobalt 


Ferrion Ce(III) In presence of yellow to pink 

cone. H 2 S0 4 and 
Pot . per sulphate 


Starch 


Cu(II) In presence of 
KI in acetic 
acid medium 


Ferric 

nitrate 


Ag(I) 


In presence of 
nitric acid not 
more than 20% 
by volume 


Pyrocatechol Mg (II) In presence of Greenish blue to 

a buffer prepared reddish purple 
by mixing 1 vol . 
of 1 M NELC1 and 
5 vols. of 1 M 


NH„OH 


4.3.D Buffers 

A few buffer solutions were required for the adjustment 
of pH values in metal ion solutions to be estimated by Disodium 
EDTA titre. These have been given in table below 

Buffers Used 


Ammonium chloride 
and ammonium 
hydroxide buffer 


67.5gm of NH 4 C1 Zinc and 
BDH A.R. in 570ml Magnesium 
of NH 4 OH (sp. gra- 
vity 0.88) in 1 It. 


4 . 3 . E Exchanger 

TU 

The exchangers used in the'se studies were 

zirconium glutero arsenate, zirconium salicylo arsenate and 
zirconium adipo arsenate, prepared as per procedures given in 
chapter II. Always 0.2gm of the exchanger was used in a batch 


Blue violet to white 


Colourless to redish 
brown 





study- 


All metal ion distribution studies were — — * 

150 ml. erlenmeyer flask provided with glass stoppers . In each 
batch study 20ml electrolyte solution of proper concentration was 
equilibrated with 0.2gm of the exchanger. The solutions so 
prepared were stirred intermittently and were left as such for 24 

hrs . for attaining complete equilibrium. 

After this the aliquots were withdrawn from the 

supernatent liquid and metal ion estimated in it titrmetically 
from the differences in concentration of the metal ions before 
and after equilibrium studies, the distribution coefficients were 

calculated as from the relation 

meq. metal in the exchanger per gm. 

K ° = meq” "metal ”in _ solution per ml of the solution 
The data was procured in this way for alkali metals and Ag + and 
Ti + ions at different ionic concentrations . It is reported xn 

tables 4.4.1 to 4.4.4 for all exchangers. 

a n t.hft ions at one concentrations, has been given in 



weight distribution coefficients with initial ionic concentration 


These plots show very well the progressive increase in 


Kn with dilution of the external solution 


The distribution data for all the other ions including 


with ionic 



VARIATION OF K D WITH IONIC CONCENTRATION 



N_ORMAL ITY 


VARIATION OF K D WITH IONIC CONCENTRATION 
EXCHANGER USED ZrSlAs 
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Table - 4.4.1 

Exchange of Univalent ion on ZrGAs 


Ion 

exchanged 


Exchanger in 
H + form 


ZrGAs 


ZrGAs 


ZrGAs 


ZrGAs 


ZrGAs 


ZrGAs 



Ionic 

Concentration 


0.005 

0.010 

0.030 

0.050 

0.070 

0.100 


0.005 

0.010 

0.030 

0.050 

0.070 

0.100 


108.12 

51.68 

15.92 

9.20 

7.01 

5.10 

130.33 
56 .80 
17.15 
10.65 
7.98 
5.10 


0.005 

0.010 

0.030 

0.050 

0.070 

0.100 


138.42 

66.66 

22.22 

12.76 

8.96 

6.18 


0.005 

240.50 

0.010 

90.69 

0.030 

27.10 

0.050 

16.07 

0.070 

11.40 

0.100 

7 .86 

0.005 

157.14 

0.010 

63.15 

0.030 

22.22 

0.050 

13.67 

0.070 

9.50 

0.100 

6.60 

0.005 

- 

0.010 

83.87 

0.030 

22.86 

0.050 

13.85 

0.070 

_ 

0.100 

7.21 


: • 


r 




Exchange of univalent ion on 


ZrSlAs 


I°n 

exchanged 


Exchanger in 

H + form 


ZrSlAs 


ZrSlAs 


ZrSlAs 


ZrSlAs 


ZrSlAs 


Ionic 

Concentration 


ZrSlAs 


0.005 

0.010 

0.030 

0.050 

0.070 

0.100 

0.005 

0.010 

0.030 

0.050 

0.070 

0.100 


66.66 

35.29 

12.38 

8.33 

5.88 

4.08 


0.005 

0.010 

0.030 

0.050 

0.070 

0.100 

0.005 

0.010 

0.030 


77 . 

77 

38. 

09 

14 . 

28 

9 . 

20 

6 . 

40 

4. 

.49 

85 

.70 

42 

.42 

14 

.28 

9 

.42 

6 

.64 

4 

.60 


155.10 

61.09 

19.20 


0.050 


0.070 

5.70 

0.100 


— 

94.11 

0 . 005 

50 . 00 

0.010 

15.82 

0.030 

10.08 

0.050 

7 .10 

0.070 

4.91 

o.ioo 




127.86 

0.005 

54 . 61 

0.010 

16.00 

0.030 


0.050 


0.070 

5 .1 

o.ioo 
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Comparative Cation exchange distribution data for different ions 
on ZrGAs at fixed ionic concentration 


Table - 4.4.5 

Metal ion 

Molarity of solution 

K d 

Li + 

0.100 M 

4.98 

Na + 

0.100 M 

5.68 

K + 

0.100 M 

6.00 

Rb + 

0.100 M 

6.90 

Cs + 

0.100 M 

8.32 

nh 4 + 

0.100 M 

6.15 

Ag + 

0.100 M 

6.54 

T1 + 

0 . 100 M 

7.30 

Ca ++ 

0.100 M 

3.96 

Sr ++ 

0.100 M 

4.45 

Ba ++ 

0 . 100 M 

15 . 84 

Cu ++ 

0.100 M 

4.18 

Mg + + 

0.089 M 

3.50 

Zn ++ 

0.088 M 

3.80 

Fe ++ 

0.088 M 

13 .00 

Co ++ 

0.079 M 

6.86 

Ni ++ 

0.085 M 

4.00 

La +++ 

0.086 M 

10.20 

Ce +++ 

0.430 M 

5 . 58 

Th ++++ 

0.120 M 

32.80 

U +6 

0.087 M 

6.68 





Molarity of solution 


Metal ion 






thermodynamic equilibrium constant which is independent of the 
total ionic concentration in an equilibrium study. But this is 
not so for the so called selectivity coef f icient (K a ) . This term 
is dependent on the ionic loading of the resin. Thus K is a 


function exchanger composition at equilibrium variability of K 


mass action applied strictly stoichiometric exchange process 


Many a times the total uptake of an ion is the result 


like ion association and complex formation in the resin 


For such reasons the 


of their distribution coefficient, K n which 


absorption of the ions by an exchanger by any of the above 


analytical work where total uptake of an ion is important rather 


than its exchange 


The results of metal ion distribution of common normal 


and transition metal ions together with some inner transition 
metal ions on the newly prepared exchangers have been obtained in 
this study to have a comparative idea of their total uptake under 
similar conditions. But at the same time effect of total ionic 


. 4 , 


, > ' ' 
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K 


concentration of the external solution on this uptake has also 
not been overlooked. 

The distribution of the metal ion is inversely 
proportional to the concentration of the solution, because 

[B + ] 

[B + ] 

[B + ] [A + ] 

[B + ] [A + ] 

[B + ] (Co- [B + ] ) 

[B + ] (go- [B + ] ) 

[B + ] (Co- [B + ] ) 


■D 


K. 


or = 



or 

fB + ] 

“racer component 

c o 


K a “ 

k d .-- 

So 

<2 0 

or 

% ~ 

K_ . - - - 

a C 
^O 

Here 

= 

= total 


Here q Q = total number of meq of exchangeable cations 
per gm. of the resin (or its saturation capacity) and C Q is the 
concentration of the initial solution (meq per ml) . Since q Q is 
constant and K a is also apparently constant, hence 

1 

C„ 


k D 01 


In other words Kp becomes more with decreasing 
concentration of the solution. To test this attempts were first 
made to study the uptake of univalent metal ions from alkali 
metals, thallium (I) and silver (I) to get their K D values at 
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solution concentration from 0.1 N to 0.005 N. The data have been 
presented in tables 4.4.1 to 4.4.3 for all three exchangers, 

namely ZrGAs , ZrSlAs and ZrAAs, 

The Kj-j values for these ions have shown a sharp 
increase in the metal ion uptake with decreasing metal ion 
concentration in the solution. Plots of K D verses solution 
normality for Li + , Na + , K + , Ag + , Tl + , and Cs + ions have been 
given in figures 4.4.1 for exchange on ZrGAs. These plots are not 
linear, but are very steep showing very high values at low 
concentrations. But this increase is 30 times for Cs ion, 
showing exceptional exchange behaviour for this ion. 

In cases of ZrSlAs and ZrAAs the trends of the plots of 
K d verses normality were the same (see plots in figures 4.4.II- 
III) . But comparatively these exchangers gave lesser exchange of 
all ions than ZrGAs. This is naturally because of the good 
exchange properties of ZrGAs. The Cs + ion has shown greater 

uptake than all other ions in all cases. 

In no case K D was varying linearly with solution 

concentration this is contrary to the general belief based on the 
derivation given above for tracer level concentrations of the 
exchanging ion. For macro-level concentrations (0 . 1 N to 0.005 N) 
though Kq increases with decreasing solution concentration, 

alright, but this change is not linear. 

It is therefore essential to study the comparative 
uptake under identical or nearly similar conditions to have an 
idea about separation possibilities of different types of ions. 
As many as twenty one ions have been compared for their relative 
uptake by ZrGAs(table 4.4.5), ZrSlAs(table 4.4.6) and ZrAAs(table 


4.4.7) at concentration ~ 0.1N). The weight distribution 

coefficient values reported in these tables show that the 
sequence of increasing uptake for different type of ions is more 
or less the same as expected from their decreasing sequence of 
hydrated ionic sizes. 

Thus for univalent ions it is 

Li + < Na + < K + ~ NH 4 + < Ag + < Tl + < Rh + < Cs + 

For ions from alkaline earths it is 

Mg ++ < Ca ++ < Sr ++ < Ba + 

However the values for Ba ++ were quite high, being 16.2 
in ZrGAs 10.6 for ZrSlAs and 8.2 for ZrAAs . These values are four 
times that of Sr ++ in the case of ZrGAs exchanger and practically 
double than those for Sr ++ in other exchangers . This shows 
clearly for the exceptional behaviour of Ba ++ ion for which ZrGAs 
may be considered to be a selective exchanger. 

Similar relative affinities for uni and divalent ions 
have been shown for the ZrP gels for trace studies by different 
workers (3 , 4 , 5 , 6) . 

In clay minerals too the same sequence for alkali 
metals have been shown by Schacrtschabel (7) . Though in zeolites 
the ionic sieve properties arise due to their channel diameters 
which are too small to permit passage of certain cations (as Cs + ) , 
yet with the structure with more open network, this consideration 
becomes unecessary. So in fanjasite, the extent of exchange among 
the alkaline earths increases in the order Mg ++ < Ca ++ < Sr ++ < 
Ba + suggesting the involvement of hydrated ions (8). On hydrous 
MnO(OH) 2 also the well defined sequence of .affinity 
hydrated ionic sizes has been observed (9) . 


as per 
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; For transition and inner transition metal ions the 

sequences of up take were as below. 


(a) Zn 2+ < Ni 


2+ < Cu ++ < Co 2+ < Fe 2+ 


(b) < Ce 3+ < Uo 2 0 2+ < La 3+ < Th 4+ 


The exchanger ZrSAs has shown again high K D for 


Fe 2+ ,La 3+ and very high K D for Th^ + . Thorium(IV) uptake has been 
the highest in all the exchangers. Its k d has been about 6 times 
than uranium (VI} in ZrGAs exchanger. Naturally by using suitable 
initial solution concentrations the possibilities of the 
separation of thorium(IV) from cerium (I II) or uranium(VI) can be 
predicted by using the new exchanger zirconium Glutero Arsenate. 
This exchanger is expected to prove a very selective material for 
thorium uptake and hence for its separation from a mixture of 
other ions . 

Amongst the common transition metal ions it can be 
utilised for Iron (III) uptake and its separation from other ions 
such as Zn(II), Ni(II) and Cu(II) which are common metal found in 
alloys with iron. 

• This high uptake of Fe(III) appear to be due to the 
presence of additional succinate ligand in the exchanger ZrSAs 
matrix which is capable of complexing with iron quite strongly. 
The K d falls down in other exchangers in the order ZrSlAs > ZrAAs 
showing lesser complex stabilities for Iron and glutarate, 
adipate and salicylo ligands. 

For separation purposes the initial ionic 
concentrations that may be prepared should be much below 0.1 N at 
which these values have been reported. Since at least 10 fold 




difference in K D is desirable for planning separations, lower 
ionic concentrations of exchanging solutions _ is desired. The 
studies with univalent metal ions (tables 4.4.1 to 4.4.3) show 
that by going up to 0.005 N values can be increased up to ~ 20 
times. Hence any concentration from "0.001 to 0.005 N may be 
useful in attempting separations with these exchangers. 

The comparative usefulness of ZrGAs is evident from 
higher K D values for any particular ion in it as compared to 
those in ZrSlAs or ZrAAs . 

Limitation of time prevented us from proving this with 
actual examples of separation to justify this. 
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CHAPTER -FIVE 

Studies on the structure of newly prepared exchanger 
5 . 1 Introduction 

As has been mentioned in the earlier chapters (ch. one) 
that the precipitate of inorganic ion exchangers such as 
zirconium phosphate or other zirconium based exchangers range 
from gels of amorphous nature to well defined crystalline 
products. It is possible to obtain compounds crystallinity 
intermediate between those of the gels and the crystalline 
products. These have been termed semi-crysstalline products. The 
structural studies of such compounds have been done by the 
variety of different angles throwing light on their building up 
unitss, crystalline and non crystalline nature stability and 
hydrolytic behaviour. Since all these aspects cannot be studied 
by a single technique. Attempts have been made to study the 
problem by using differnt techniques. 



5.2 Earlier studies on zirconium phosphate gels and crystals 
5 . 2 . a Thermogravimetry 

The structural studies using thermogrametrics analysis 
had been of much use in deciding the initial intermediate and 
final forms of the products and suggest various possible phase 
changes during heating of the samples to high temperatures. 

Thermogrametry had been particularly useful in deciding 
various phases during the heating of the prepared material from, 
say 100°C through above a thousand degrees when amorphous or 
poorly crystalline material were used. 

As is known gels result from teh rapid mixing of a 


soluble zr(N) salt with phosphoric acid or a soluble phosphate. 

The materials prepared with a P-Zr ratio as two were 

shown by De-Boer as a non hydrogen phosphate Zr (HP0 4 ) 2 • But 
methonal and others 3 did not agree with that and suggessted the 
possibility of zirconyl compound as Zr0(H 2 P0 4 ) 2 - 

HOH 

I 


H-0. 


rO 


o. 


-0-H 



Zr 

H o' o' 0 '0-H 

The thermogravimetry of these compounds in P-Zr ratio 
showed loss of one water molecule at 100~135°C and a second at 
240- 350°C . But when heated to 700° it give a poorly crystalline 
pyrophosphate furhter heating to 900° and annealing improved the 
crystallinity of the products. The original product was given the 

the composition Zr0 2 ,P 2 0 5 .2H 2 0 or Zr (HP0 4 ) 2 .H 2 0. 

Similarly when crystalline product, is prepared by 

refluxing the gel with phosphenc acid to give the so 
ZrP, the thermogrametric analysis has provided much useful data. 
The material loses one water molecule at 80-120°C and the second 
molecule is lost at 300-650°C. Finally at 700-750°C it gets 
converted to pyrophosphate. Hence again the composition Zr0 2 , 

P 2 0 5 .2H 2 0 or zr(HP0 4 ) 2 .H 2 0 was confirmed. 

Thus the gels and crystals were shown to have the same 

chemical composition corresponding to the P-Zr ratio of two 4,5.6 
when this ratio was less two, the phosphate groups were shown to 
be present as monohydrogen phosphate . The general formula of gels 

can be written as 

7 r /nm -SC (HPOn)o - 2/x - Y • H 2 ° 



the method or drying. This general formula also suggested the 


exchange capacity to be corresponding to two hydrogens from the 
monohydrogen phosphate group 8 . Hence the exchange of protons from 
hydroxyl groups is expected to be negligible. 


studies have been carried out with a-ZrP which is a crystalline 


3150cm 


Mounier and Winanad 


to water cordinated to zirconium and a peak at 3150cm" to water 


cordinated to zirconium and a peak at 3510cm 


hydroxyl group attached to zirconium and hence they have 


of two sharp peaks at 3670cm"' L and 3610cm" for OH” 
of basic character support this inference the peak at 
implies a strong bonding of zeolite water. 

The findings of Dearbridges 14 suggest that the bands at 
• and 3320cm” 1 are due to OH" 1 stretch of interselitial 
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water. A band at 1620cm' 1 is due to the bonding mode of OH 
groups . 

The peaks at 3590 and 3510cm 1 are attributed to the OH 
stretch of the acidic phosphate groups. The fact that two peaks 
do not coincide was taken as an indicator that the two 

monohydrogen phophate groups differ in acidity. 

Vesely et al 12 have given their conclusions regarding 

IR of a-ZrP more or less in a similar way as Dearbridges. Further 

they have shown symetric and antisymetric stretching vibrations 

for the phosphate group in the region 950-1180 cm" 1 . These as 

well as one band at 1250cm" 1 are due to P-0 vibrations. The bands 

at 3150cm" 1 and 3300cm" 1 have been attributed in this study also 

to strong H-bond from the water-hydroxyl groups to the 3590cm 1 

are due to ong hydrogen bonds 

P-O-H O-H and 

P-O-H 0 

H 

when the a-ZrP compound is equilibrated with D 2 0 then the new 
peaksd appear at 2450cm" 1 (due to denterated spectrum). The 
original peaks at 3150cm" 1 and denterated at 3300cm 1 are alsao 
shown in this spectrum as two distinct peaks at 3150cm and 
3290cm' 1 . But the portions of 3510cm' 1 and 3590cm' 1 remain fixed. 

These latedpeaks were due to phosphates groups which 
are held together rigidly in these crystals. The peaks at 3150cm 
1 and 3300cm' 1 appear therefore to originate from the water 

molecules present in the crystalline compound. 

The above studies are still not completely definite 
of course they are qualitative aggreement with the certaxn 



and 3300cm 


that the bands at 3150cm 


with the water molecule hydrogens as 


donars . 

The structure of amorphous ZrP gels is sufficiently 
disordered. It has been shown by Clearfield and Stynes that I.R. 
patterns of such gels possess only one broad band m the -OH 
stretch region as compared to four in crystals . Thus the gel P 
OH group and expected to possess broad range of acidities. 

The I.R. spectrum thus provides evidence only for the 
existence of co-ordinated water and possibilities of H-bonding 
with OH group of the acidic phospahte with coordinated water as 


or with other OH groups 


It may also give bands or peaKS ioi x-v 
bonding modes. Still the I.R. stu< 
speculative and offer little by way 
determination of such compounds. 


5 . 3 The work reported in this chapter 

From the above details about different approaches to 
elucidate the structure of ZrP crystals or gels it is definite 
that no simple technique can provide the complete picture, even 
after attacking the problem from different angles, the results 
are more speculative rather than definitive. Still when one 
nreoares newer exchnagres with the same base it is advisible to 



these compounds are very close to each other. 

Since the compounds prepared by workers were all based 
on zirconium phosphate. Attempts have been made to throw light on 
their structural similaviting with pure ZrP gels . Any differences 
due to the incorporation of organic carboxylic compounds have 
been adequately made clear from such studies. The new 
thus have been carefully examined to put forth their expected 
structures in their part of the work. 

The three new inorganic exchangers have been prepared 
to that used in the preparation of ZrP. Whether the organic part 
has been effectively incorporated in this arrangement during the 
preparative steps was furhter proved by the estimation of cenbon 
content of the compound. The expected composition were confirmed 
on the basis of carbon determination in all the prepared 
compounds . 

The proof of their similarity in structure with 
amorphous zirconium phosphate gels has been provided with I.R. 
spectral studies. These studies have also been done to prove that 
the newer compounds have additional COOH groups in them provided 
by the incorporation of organic acids into the structure of ZrAs 
within is similar to ZrP. 

Lastely detailed thermo -analysis have been reported to 
show how the loss of water takes place in the newer compounds and 



how these compounds undergo decomposition by heating up to 800 


to 1000°C. The weight loss studies using a self recording 


at the final composition of these preoducts- before heating 


salicylic and Adibic acids during the methods of preparation 


adopted for zirconium arsenate. Thus zirconium-glutero-arsenate 


and zirconium sal icyl- arsenate and zirconium- adipo- arsenate were 
expected to be prepared. It was thought as first supposition that 


these acids enterd the matrix of zirconium-arsenate 


semi micro 


percentage of carbon in the compunds have been reported in table 
5.4.1 for all the compounds. The theoretical percentage for the 


ratios 1:1:1 and 1: 0.5:1 were similar with the experimentally 


Thus it was found that the ZrO 


I 


Estimation of carbon in the newly prepared exchangers 

Table 5.4.1 


Exchanger 

Carbon 

estimated 

% 

Carbon expected 
theoretically in the 
compound for the 
Zr0 2 :Org acid:As 2 C> 5 - 
ratios 

Therefore expected 
Zr0 2 : Org acid 



1 : 0 . 5 : 1 

| 1:1:1 


ZrGAs 
(heated 
below 100°) 

7.30 

7.40 

14.80 

1:0. 5:1 

ZrSlAs 
(heated to 

16.00 

100°) 

8.90 

18.00 

1:1:1 

ZrAAs 

(heated to 

9.09 

100°) 

8.70 

17.40 

1:0. 5:1 

5.4 a Conclusion 




A 

compound with a 

ratio of 

Zr0 2 : P 2 °$ 

as 1:1 or Zr:P0 4 


. n c ' 

ratio as 1:2 was prepared by Baetale and Pelsemakers D was 
prepared and they suggested the structure of alternate zirconium 
oxygen chain with coordinated water to zirconium atoms as below. 
It contained two H 2 P0 4 groups per zirconium atom justifying Zr to 


P0 4 ratios as 1:2. 


h 2 po 3 .o 


/ 


h 2 ° 


h 2 po 3 .0 


OH 


OH 


Zr 


0 


l 

Zr 


h 2 0 


0 


Zr 


OH H 2 P0 3 .0 H 2 P0 3 .0 • OH 

However, DeBoer suggested a monohydrogen phosphate Zr(HP0 4 ) 2 
under such conditions of P:Zr ratio of 2. But formation of 
Zr0(H 2 P0 4 ) 2 under similar conditions has also not been ruled out 
2,3 . Bluemethonal 2 s has suggested 
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HO 0 

p; 


Structure for this zirconyl compound. Since both these compounds 
differ only in additional oxygen and two H 2 P0 4 in the 
Bluemethonals formula rather than two HP0 4 groups in De-Boer's 


structure . 


Since zirconium arsenate has a structure similar to 


zirconium phosphate so the newer compounds jZrGAs ZrSlAs and 
•' ZrAAs ■ may be expected to retain either of the two possible 
basic structural arrangements for Zr and As0 4 in their structures 
which may be finalised on the basis of wt loss studies as done in 
the case of simple ZrP by Clearfield et al 4 and- Ahr land et al 5,6 . 

This ration studies for organic acid part in the new 
exchangers suggests the involvement of one molecule of the 
organic ligand between two Zr-atoms possibly by coordinate at the 
two zirconium in the Zr-O-Zr chain as below 

^-< CH 2>nv 




— o—~~ 

(Zr-G-As! 



so that now per zirconium atom it is only 0.5 mole ratio of the 
organic acid involved in Zr-G-As and ZrAAs . 

In Zr-Sl-As in the situation is slightly different as 
the compound has salicylic acid hasonly one COOH group and one OH 
group in ortho position. The coordinated groups are two again but 
both newer to each other (ortho to each other) coordinated to the 




same Zr-atom in the Zr-O-Zr chain expected linkages in Zr-Sl-As 


may be as below 


H 0~ C 6 H 4 ~/9 


y 


//\ 

.0 OH 




Zr. 


0 


Zr 


HO 




■OH 


u o \ 

\ s \ 

(Zr-Sl-As) C CeH4 
The Zr :org acid : As ratio of 1:1:1 can then be justified. 

The above justification on the basis of other data such 
as that from I.R. given in other sections that follow now. 


5.5 Infrared studies of newly prepared exchangers 
5.5(a) General 

It has been indicated in the introductory remarks on IR 
studies of zirconium based exchangers that the characterstic 
bands in the region 3510-3590 cm -1 and 3300-3350 cm -1 are 
characterstic of -OH groups of different nature (basic, water and 
acidic) in the compounds and have been observed by all the 
investigators 12, 13 ' 14 the band at 3150cm -1 is particularly 
showing coordinated water to zirconium atom several bands within 
the regim 965-1250 cm -1 have been shown for As-0 vibrational 
modes while a few bands at lower frequency side ie < 530, have 
been shown for Zr-0 vibrational modes and ASO 2 S modes (at 
600,530,415,400,375 cm -1 ). 

All these characterstics frequencies in crystalline 
zirconium based exchangers are not found in amorphous structures. 
The gels show only one broad band in the OH strtch region rather 
than the four in the crystalline products. The arsenate groups in 


1 















f 



f 
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the gels are partly in a highly strained configuration and partly 
in the regular arrangement in the crystal. 

No detailed IR studies have been provided amorphous 
zirconim based gels but on the basis of the assumption that the 
amorphous structure results from the disorderly aggregates of 
small crystallites, it is possible to assign tentatively the 
observed bands in the IR - spectra of prepared gels of any type. 
Attempts, therefore have been made in this section to interpret 
the observed IR-behaviour the newly prepared compound (zrGAs, 
ZrSlAs and ZrAAs ) in comparision to simple ZrAs prepared under 
similar conditions. 

It is further essential to study IR- spectra in the 
present case of compound because they are expected to contain 
extra ligands in their structure derive from the organic acids 
used in their synthesis. 

5.5b Experimental and results 

The IR spectral studies have been carried out by using 
Perkin-Elmer IR-spectra photometer, model 541. 

Fig 5.5.1 gives the IR spectra of pure ZrAs prepared 
under our conditions or preparing ZrGAs, ZrSlAs and ZrAAs . The 
figures 5.5 II to 5.5 IV show the IR spectra of the prepared 
compounds namely zirconium-glutero- arsenate and zirconium 
salicyl -arsenate and zirconium-adipo-arsenate respectively. 

On the basis of these IR-spectra band charactersation 
have been made for different compounds mostly on the basis of the 
work of Versaly et al 12 Mounier et al 13 and Dearbridges on 
crystalline ZrP. 


Infrared 


spectra of different zirconium based 
tentative band assignments 


exchangers and 


Band cm 


3600-3450 
(Broad medium) 

"3150 

(Medium sharp) 

" 2350-2250 
(very weak, Broad) 

1640 

(medium, sharp) 

1250 


Table 5.6.1 
IR- spectra of ZrAs 

Tentative assignment 

/ V ° H \ 

(Basic) 

V 0 TT 

(Co-ordinated to Zr) 

V 0H. s 

(acidic) 

(bending mole°of interestitial water) 

5 As-0H 
V 


i inn 


As-0 


(as ASO 3 ) 



Table 5.6.2 


Band ( cm” 1 ) 


IR- spectra of ZrGAs 

Tentative assignment 


3600-3500 

(Broad) 

V 0H 

”3150 

V H 2 0 

2450 


2375 

V 0H 

”1750 

1725 

V C00H 

”1675 

5 h 2 o 

1600 

V1C00” 

1500 

V2C00 

”1400 

V AsO 

1150-1000 

V AS0 

630 

V H 2 0 

430 

«A S -° 

v Zr-0 


or 



3600-3500 

(Broad) 


3150 


1750 


COOH 


V1COO 

V2COO 


1600 

1550 





(acidic) 


1650 

1600 


1500 


V2COO 


1075 

1050 
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The IR of new compounds have been scanned on the basis 
of the generalised band data for organic compounds given in 
literature and also on the basis of comparision to IR of pure 
organic acids involved in these preparations. Thus tables 5.5.1 
to 5.5.4 gives the observed bands (cm" 1 ) and their tantative 
assignments to characterise the prepared products. 

5.5 c Discussion and conclusions 

The pure ZrAs prepared by us has shown bands 
characterising it as amorphous gel . This can be said because in 
the region from 3600-3450 cm -1 it gives a single broad band 
instead of three sharp to four sharp peaks (at 3590, 3510, 3300, 
3350 cm -1 of medium or weak intensities. 

The broad band obtained for ZrAs prepared by us is an 
indication of the disorderly behaviour of gel structure. 

Such an structure provides a range of bond energies and 
hence a broad band in the OH stretch region. This broad band is 
in between 3600-3450 cm -1 and shows the presence of a hydrogen 
bonding involving the basic -OH of the polymeric product. 

The band at ~3150 cm" 1 has been characterised as a band 
due to H 2 0 co-ordinated to zirconium. 

Similarly a band at ~2350 cm" 1 is for stretching of -OH 
again but this is the acidic OH attached to Arsenic ( ie from 
H 2 As 0 4 part) . A band at 1540 cm has been shown for the banding 
mode of the interestitial water molecules. 

Later bands at 1250 has been shown for As-OH stretching 
and 1100, 1075, 970 cm" 1 have been shown for As-0 stretching 
modes. The band 5340 cm" 1 has been shown for As-0 or Zr-O. 
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All the above peaks have been found in crystalline 
product with a difference of about ±10 cm -1 in band frequencies. 

Now when we compare the obtained characterstic band in 
ZrGAs, ZrAAs table 5.5,2 and 5.5.3) with those of Zr-As in all 
these three new exchangers bands around "350.0cm -1 or between 
3600-3000 have been observed which are quite broad in all the 
cases signfying the stretching mode of the basic -OH groups in 
these compounds. 

This band is also present in ZrSlAs. 

Similarly all contained bands at ~3150 cm -1 
unambigously due to co-ordinated water molecule which is thus 
common for all compounds including ZrSlAs. The bands at "2250- 
2375 is also similarly common for all the compounds showing 
strtching mode of the acidic hydroxyl groups. . 

It is a common understanding in IR- spectral analysis 
that O-Hst retching vibration occur around 3600cm -1 . The formation 
of hydrogen bond in the region around ~3500 are the sure 
indication of the hydrogen bonding in these compounds. 

The presernce of water in a smaple can be detected by 
two characterstics bands in the 3600cm -1 to 3000cm -1 region and 
in the 1650 cm -1 region. Similarly presence of lattice water 
provides bands in 600 to 300 cm -1 region. Co-ordination of water 

also provides a band in 880 to 650 cm -1 region depending on these 

— 1 ' *' '' 

general observations, the presence of a band at 3150 cm in all 
such compounds can be suggested to be due to H 2 0 molecule. 
Similarly band at "1650-1675 cm -1 has been observed in all this 
compounds and this has has been shown by earlier workers on ot- 
ZrP due to the bonding mode of interestitial water. Thus this 


is 


also confirmed mode for water molecules for all the prepared 
compounds. The presence of a band at "630-650 cm -1 has also been 
observed in these compounds confirming further the presence of 
h 2 0 in these compounds. 

This again may be due to the H 2 0 coordinated to metal 

atoms . 

Thus all these observed bands in ZrGAs , ZrAAs and 

i 

ZrSlAs confirm the presence of a coordinated molecule of water 
and probably also an additional water molecule as interestitial 
H 2 0 (uncoordinated) . 

The bands signifying As-0 stretching modes are found in 
all compounds around "1100 cm -1 , "1075-1050 cm -1 & at "530 cm -1 . 

The new compounds possess some additional bands apart 
from the bands mentioned above which characterise the compounds 
as zirconium arsenate polymeric net work for these compounds . The 
new bands present in these compounds are in the region 1750-1700 
cm -1 which show the presence of -COOH groups introduced into the 
above mentioned net work. Similarly two bands have been observed 
in the region 1600-1550 cm -1 and 1475-1325 cm -1 region 
characterising VI and V2 bands for carboxylate ions. Hence the 
incorporation of carboxylate part in the compounds is supported 
by IR spectral data of ZrSAs and ZrBB&As . 

The third compound ZrSlAs has shown additional peaks at 
1550, 1525, 1320 1275 and 1175 and for -COO- group band at 1600 
cm“ 1 cm“" t and 1475-1425 cm -1 have been also observed. 

Thus presence of salicylic acid functional group is 
justified in this exchanger. 

Similarly a peak at -3300 cm' 


is an indicator of -OH 



• ■ ■ ■■ fc- i 
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group coordinated to metal atom. . 


Thus IR- spectral data of the newly prepared compounds 
thus not only confirms the similarity of the basic net work of 
these compounds with amorphous ZrP and ZrAs but also proves the 
involvement of carboxylic acids in their net work structure 
probably by coordination to the zirconium atom or atoms. 

In ZrSlAs coordination of -OH apart from the carboxylic 
group is also clear from these results. Thus suggestions made in 
the previous section regarding every of the organic acids in the 
zirconium arsenate structure by coordination can be supported by 
these studies . 

5.6 X-ray diffraction studies for ZrGAs 

As all the new exchangers were prepared under identical 
conditions. They are expected to show identical crystalline or 
amorphous characters. Usually the behaviour of crystalline 
products and amorphous ones show didtinct differences in their 
x-ray patterns. When a crystalline product can be analysed very 
clearly by x-ray analysis, an amorphous one simply shows lack of 
definite x-ray reflections. 

Simple ZrAs products have been characterised as mono- 
clinic crystals with unit all dimensions as a = 9.076 ± 0.003 and 
b = 5.29 ± 0.006 A° c = 16.22 ± 2.02 A° while 115.6 ± 0.1 
degrees. The values given by Ahrland et al 27 are not very much 
different from the above. The structure has been shown as a 
layered one 11 as which zirconium atoms lie very nearly in a plane 
and are bridged by arsenate groups situated alternately above and 
below the plane of the metal atoms. Any three adjacent metal 








'-V*^ ; r .', 
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atoms in the same layer form a slightly distorted equilateral 
triangle, oxygen atoms of each arsenate group are bounded to the 

metal atoms. 

In the case of amorphous gels the x-ray reflections do 
not provide an evidence of clear cut crystalline form of any 
tyope. However, three or four x-ray reflections are exhibited by 
such materials 4,1 ® which are of a very low intensity. 

These reflections appear to occur at roughly the same 
angles as the stronger reflection in the crystal 4,10 . The 
reflections (002) which represents the interlayer spacing in the 
crystal is very broad and of low intensity and occurs at lower 20 
angles in gels 10,8 . 

Such a behaviour of x-ray pattern suggests that in gels 
the inter layer distances are longer than in crystals. 

The compound ZrGAs has been exchanged as a 
representative compound out of the three new compounds by x-ray 
techniques. It has been examined by the x-rays diffractometer 
which was a self recording instrument. The radiatious used was 
from a copper target. The gear speed used was 1° per minute. 

The x-ray dif f ractograph obtained for ZrGAs is given in 
figure 5.6.1 and for comparision purpose a simple ZrAs x-ray 
diffracts gram has also been obtained under similar conditions 
(fig. 5. 6. II) when these two are examined closely a few x-ray 
reflections of quite low intensity are clearly perceptible. Thus 
a sufficiently prominent peak aT 27.7° in ZrAs and ZrGAs is 
noticed. 

In ZrAs a less prominent peak is found at 9° which is 
slightly subdived in ZrGAs at the same angle of reflection on the 




v- : 
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lower reflection angle side a broad and a very low intensity peak 
is also available at “5° in ZrGHj The rest of the dif fractogram 
is not showing any distinct x-ray reflection at higher angles 

particularly. 

It is thus clear that ZrGAs like ZrAs is also of 
amorphous nature. However, this compound shows some x-ray 
reflections particularly at lower angles of reflection. The 
reflections are weak and peaks are quite broad at 5° and 9° 
respectively while one at 27.7° is quite sharp but does not show 
intens reflection. 

If comparisions are made with earlier observations of 
Clearfield and Stynes 4 and Stynes 10 then our results for ZrGAs 
are very close about the nature of the prepared products. The 
ZrGAs as well as other compounds are definitely amorphous gels. 
The feeble lower angle intensities reflect in these compounds the 
broadening of the small crystallities that might be expected in 
the amorphous gels. The lower intensities also arise from the 
disorder which tends to increase the background due to randomly 
scattered radiations rather than cooperative scattering at 
specific angles. Hence we also agree with earlier workers like 
Clearfield et al(loc cit) that the gels are the disordered forum 
of the crystals and it is this thing which causes a random 
scattering of radiations giving a rather ill defined x-ray 
dif fractogram. 

Taking into considerations various views about these 
compounds and also experimental evidences obtained from IR, x-ray 
and carbon estimations the tentative structural arrangements in 
the newly prepared exchangers can be suggested as below for ZrGAs 


' fc; 


WBtmm 





Zr(IV), the other water molecules in the compound are not termed 
as compound (or interestitial water molecules) for which 1R has 
shown an indication. The organic acid involves a claim of a 


molecule of the organic acid not unjustified. Similarly 


coordination groups OH-COOH are in adjacent positions in the 


benzene ring. Hence the linkage is organic molecule per zirconium 


The present studies on this structure determination of 
the newly formed exchangers are thus quite rewarding in the sense 
that they provide a good picture of these compounds as far as 
their compositions is concerned and the presence of extra 
carboxylic groups is concerned. These structures show that 


zirconium 


and their acidic OH are free to be used for exchange purposes. 
Thus the new compounds have not the traditional OH groups but 
also available hydrogen from the acidic -OH of the carboxylic 
groups. This provides additional exchange capacities to these new 
compounds. Better exchange capacities ZrGAs, ZrAAs and ZrSlAs are 
the results of these additional functional groups in these 
compounds as compared to simple ZrAs without such groups. 
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